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FOREWORD 

This   report   was  prepared by North  American  Rockwell   Corporation 
through its Space  Division  under NASA Contract NAS7-368 for  the  National 
Aeronautics  and  Space  Administration.  This  report  documents  the  Phase 111 
study  effort   which  included  two  separate  tasks:  

Design  synthesis of recoverable   f i r s t   s tage   s t ruc tures  
Computer  program  turnover  to NASA OART. 

I 
The  structural   design  synthesis  accounted  for  the  thermal  environment  eval-  
uation  and  protection  system  synthesis  for  the  reentry  mode of the  recover-  
able   f i rs t   s tages  of a s e r i e s  of multistage  launch  vehicles.  Relative  benefits 
to be   der ived   f rom  s t ruc tures /mater ia l s   improvements  when  applied  to  these 
recoverable   s tages   were   cons idered   in   t e rms  of their   weight  reductions,   per- 
formance  improvements,   and  cost   reductions.  

Phase  I11 also  included  consolidation  and  documentation of the  various 
synthesis  subroutines  developed  for  the  Phase I study  contract   pertaining  to 
expendable  vehicle  synthesis  and  structural   design  synthesis.   These  pro- 
grams  were  made  compatible  with  the NASA computer  facility  at  the  Elec- 
tronic  Research  Center,   Boston,  Massachusetts.  A detailed  description of 
these   p rograms is given  in  Volume I1 - Users  Manila1 for  Vehicle  and 
Structural   Design  Synthesis   Program. 

This  study  was  conducted  for  the  National  Aeronautics  and  Space 
Administration,  Office of Advanced  Research  and  Technology,  Space  Vehicle 
Structures   Program.  The  s tudy  effor t   was  accomplished  a t   the   Space 
Division,  Downey,  California , by  the  Structures  and  Dynamics  Department, 
Research,  Engineering,  and  Test   Division,  under  the  direction of 
M r .  H. S. m e r .  All  work  was  under  the  supervision of M r .  A. I .   B e r n s t e i n ,  
Project   Manager ,   and  J .A.   Boddy,   Project   Engineer .   Pr incipal   Invest igators  
included J . C .  Mitchell ,  W . L .  Moss,   and  C. W. Martindale.  

i i i  





CONTENTS 

Page 

SUMMARY 

INTRODUCTION . 
APPROACH . 

’ VEHICLE  DEFINITION AND  ENVIRONMENT . 
Base-Point  Vehicle  Description . 
Aerodynamic  Character is t ics  . 
Ascent  Trajectory  and  Heating . 
Entry  Trajectory  and  Heating. 
External  Load  Evaluation 
Design  Load  Intensity . 

DESIGN  SYNTHESIS . 
Thermal  Evaluation . 
Therma l   S t r e s ses  . 
Structural   Synthesis . 
Assessment  

COMPUTER  PROGRAM  .TURNOVER. 

CONCLUSIONS AND RECOMMENDATIONS . 
Construction  Concepts . 
Structural   Costs  
Manufacturing  Development . 
Material   Strength  Improvement . 

REFERENCES 

1 

4 

6 

9 
9 

15 
30 
33 
5 5  
68 

71 
71 
8 3  
88 

110 

140 

147 
147 
148 
149 
149 

1 5 1  

V 





ILLUSTRATIONS 

F igure  Page  

8 

9 

10 

1 1  
12 
13 
1-2 
15 

16 

17 

18 
19 
20 

21 

22 

23 
24 

Design  Synthesis  Logic . 
Typical   Recoverable   Firs t -Stage  Vehicle  . 
Ascent  Profile . 
Recoverable   Firs t -Stage  Booster   Concept  . 
Vehicle   Size  Character is t ics  . 
Vehicle   Weight   and  Performance  Character is t ics  
Weight  Distribution  During  First-Stage  Boost - 

Weight  Distribution  During  First-Stage  Boost - 

Weight  Distribution  During First  Stage  Boost - 

Typical  Dynamic  Pressure  and  Velocity  Variation 
With  Initial  Thrust-to-  Weight  Ratio  and  Typical 
Gravi ty-   Turn  Trajectory . 

1. 3 x 1 06-Pound  Vehicle . 

1. 9 x 106-Pound  Vehicle . 

2. 5 x 106-Pound  Vehicle . 

Normal   Force  Distr ibut ions  for  1 .  3 x 106-Pound  Vehicle . 
N o r m a l  Force  Distr ibut ions  for  1.  9 x 106-Pound  Vehicle . 
Normal   Force  Distr ibut ions  for  2.  5 x 106-Pound  Vehicle . 
Zero  Lift-to-Drag  Coefficient . 
Recoverable   Firs t -Stage  Entry  Aerodynamics - 

Configuration 1 . 

Configuration 2 . 

Configuration 3 . 

Recoverable   Firs t -Stage  Entry  Aerodynamics - 

Recoverable   Firs t -Stage  Entry  Aerodynamics - 

Recoverable   Vehicle   Ascent   Trajectory . 
Estimation of Thermal   Environment  
Recoverable   Firs t -Stage  Entry  Trajectory - 

Configuration 1 . 

Configuration 2 . 

Configuration 3 . 

Recoverable   Firs t -Stage  Entry  Trajectory - 

Recoverable   Firs t -Stage  Entry  Trajectory - 

Body  Point  Locations  for  Heating  Analysis . 
Recoverable  First-Stage  Entry  Heating - 

Configuration 1 - Body  Point 1 . 

7 
10 
11 
14 
16 
17 

18 

1 9  

20 

22 
23 
24 
25 
26 

27 

28 

29 
31 
35 

36 

37 

38 
39 

40 

vii 



Page  F igure  

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

.3 6 

37 

38 

39 

40 
41  
42 

43 

44 
45  

46 

47 

Recoverable  First-Stage  Entry  Heating - 

Recoverable  First-Stage  Entry  Heating - 

Recoverable   Firs t -Stage  Entry  Heat ing - 

Recoverable   Firs t -Stage  Entry  Heat ing - 

Recoverable  First-Stage  Entry  Heating - 

Configuration 1 - Body  Point 2 . 

Configuration 1 - Body  Point 3 . 

Configuration 1 - Body  Point 4 . 

Configuration 1 - Body  Point 5 . 

Configuration 2 - Body  Point 1 . 

Configuration 2 - Body  Point 2 . 
Recoverable  First-Stage  Entry  Heating - 

Recoverable   Firs t -Stage  Entry  Heat ing - 

Recoverable  First-Stage  Entry  Heating - 
Configuration 2 - Body  Point 3 . 

Configuration 2 - Body  Point 4 . 

Configuration 2 - Body  Point 5 . 
Recoverable   Firs t -Stage  Entry  Heat ing - 

Recoverable  First-Stage  Entry  Heating - 
Configuration 3 - Body  Point 1 . 

Configuration 3 - Body  Point 2 . 

Configuration 3 - Body  Point 3 . 

Configuration 3 - Body  Point 4 . 

Recoverable  First-Stage  Entry  Heating - 

Recoverable  First-Stage  Entry  Heating - 

Recoverable  First-Stage  Entry  Heating - 

Recoverable  First-Stage  Entry  Heating - 

Stationwise  Weight  Distribution  for  Base-Line 
Configuration 3 - Body  Point 5 . 

Vehicles  During  Entry . 
Station  Shear  Load Due to   Normal   Iner t ia  . 
Vehicle  Bending  Moments  Due  to  Inertial  Loading  Only . 
Vehicle   Shear   Force Due to  Aerodynamic  Loading 

During  Entry . 
Vehicle  Bending  Moments  Due to Aerodynamic 

Forces   Only  . 
Vehicle  Net  Shear  Force  During  Entry . 
Vehicle  Maximum  Bending  Moments  During 

Bending  Moments  Experienced  by 1. 3 x 106-Pound 

Axial  Load  for  1. 3 x 106-Pound  Vehicle . 

Ent ry   T ra j ec to ry  . 

Vehicle 

41 

42 

43  

44 

45  

46 

47  ! 
48 

49 

50 

51 

52 

53 

54 

57 
58 
59 

60 

61 
6 3  

64 

65  
66  

vii i  



Figure  Page 

48 

49 

50 
51 
52 
53 

54 
55 
56 

57 

58 

59 

60 

61 

62 

63  
64 

6 5  

Effect of Init ial   Tank  Temperatures  on  Surface 

Surface   Tempera ture   His tory   for   1 .3  x 106-Pound 

Effect of Vehicle   Size  on  Surface  Temperature   History 
Effect  of Mater ia l   on  Surface  Temperature  . 
Maximum  Surface  Temperature  During  Entry . 
Thermal   History  Prof i le   Through  Microquartz  

Thermal  Stresses for  Sandwich  Design on Small Vehicle 
Thermal   Stresses   for   Sandwich  Design  on  Large  Vehicle  
Mater ia l   Propert ies   Variat ion  With  Temperature  - 

Material   Propert ies   Variat ion  With  Temperature  - 

Material   Propert ies   Variat ion  With  Temperature  - 

Mater ia l   Proper t ies   Var ia t ion  With Tempera ture  - 

Effect of Tempera ture  on  Unit  Weight of P r e s s u r i z e d  

Effect of Temperature  on  Unit  Weight of Unpressurized 

Material   Efficiency With Temperature   Restr ic t ions on 

Tempera ture   His tory  . 

Vehicle 

Insulation . 

Aluminum . 

Titanium . 
Inconel 

Ren6 41 

Forward  Tankwall  . 

Crew  Compartment  . 

Crew  Compartment . 
Unit  Weight  Reductions  With  Material  Improvements . 
Exchange  Ratios  for  Recoverable  First   Stage of 

Synthes is   Program . 
1. 3 x 106-Pound  Vehicle . 

76 

77 
78 
79 
81 

8 2  
86 
87 

9 3  

94 

95 

96 

105 

106 

107 
109 

119 
142 

ix 





TABLES 

Table Page  

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15  

16 

17 
18 
1 9  
20 
21 
22 

23 
24 
25 
26 

27 
28 
2 9  

Stage  Veloci ty   Requirements   for   Recoverable-  

Propuls ion  and  Propel lant   Character is t ics  . 
Vehicle  Design  Characterist ics . 
Initial  Conditions . 
Analy t ica l   Compar ison   for  1. 3 x 106-Pound  Vehicle . 
Recoverable  First-Stage  Entry  Heating  Loads . 
Base-Point   Vehicle   Design  Pressure  Matr ix  . 
Vehicle  Design  Load  Intensities . 
Test   Cases   Synthesized  for   Fuselage  Structural   Shel ls  . 
Structural   Design  Details . 
Minimum  Skin  Thicknesses   for   Temperature   Control  . 
Design  Synthesis  Printout - Minimum  Weight  Design . 
Unit  Shell  Weights  for  Insulated  Aluminum  Designs 
Unit  Shell  Weights  for Ren; 41  Designs  at  Various 

Expendable  Vehicles . 

Tempera tu res  . 

Tempera tu res  . 
Unit  Shell  Weights  for  Titanium  Designs  at  Various 

Unit  Shell  Weights  for  Inconel  Designs  at  Various 

Weight  Complexity  Factors . 
Base-Point   Vehicle   Payload  Exchange  Par t ia ls  . 
Complexi ty   Factors  
Kelative  Cost  Ratio  Effectiveness . 
Computer  Printouts  for  Component  Merit   Functions . 
Merit   Funct ions  for   1 .  3 x 104-Pound  Vehicle - 

Merit   Funct ions  for   1 .  3 x 106-Pound  Vehicle - Ren6  41 
Meri t   Funct ions  for  1 .  3 x 106-Pound  Vehicle - Titanium 
Meri t   Funct ions  for  1. 3 x 106-Pound  Vehicle - Inconel . 
Merit   Funct ions  for  1.  3 x 106-Pound  Vehicle - 

Merit   Funct ions  for  1.  9 x 1 O h -  Pound  Vehiclc - Rene' . 
Merit   Funct ions  for  1 .  9 x 106-Pound  Vehicle - Titanium 
Meri t   Funct ions  for  1. 9 x 106-Pound  Vehicle - Inconel . 

Tempera tu res  . 

Aluminum  Plus  Insulation . 

Aluminum  Plus  Insulation 

12 
13 
15 
32 
33 
56 
67 
7 0  
90 
9 1  
98 
99  

101 

102 

103 

104 
112 
118 
122 
123 
124 

126 
127 
128 
129 

130 
131 
132 
133 

xi 



Table  Page 

30 Meri t   Funct ions  for  2 .  5 x 106-Pound  Vehicle - 
Aluminum  Plus  Insulation  134 

31 Mer i t   Funct ions   for  2. 5 x 106-Pound  Vehicle - Ren&  41  135 
32  Mer i t   Funct ions   for  2.  5 x 1 06-  Pound  Vehicle - 

Titanium  136 
33  Meri t   Funct ions  for  2.  5 x 106-Pound  Vehicle - Inconel  137 
34 Options  on  Program  Routing  146 

xii 



INFLUENCE  OF  STRUCTURE  AND U T E R I A L  RESEARCH 

ON ADVANCED  LAUNCH  SYSTEMS'  WEIGHT, 

PERFORMANCE,  AND  COST 

Phase I11 

Design Synthesis of Recoverable 

Launch Vehicle Structures 

By J . A .  Boddy 
Space  Division 

North  American  Rockwell   Corporation 

SUMMARY 

T'he third  phase of this contract   was  concerned  with  the  design  synthesis 
of recoverable  f irst  s tages   to  assess the  relative  benefits   to be de r ived   f rom 
advancements   in   s t ructures   and  mater ia ls ,   and  with  the  documentat ion  and 
turnover   to  NASA of the  synthesis   programs  used  during  Phase I of this  study. 

The  parametric  vehicle  synt 'hesis  approaches  init iated  in  Phase I fo r  a 
wide  spectrum of expendable  vehicle  systems  were  extended  in  Phase I1 to 
encompass  vehicle   systems  with  recoverable  first s tages .   Recovery  was 
considered  to  be accomplished  with  winged  body  stages  possessing  flyback 
propulsion  systems  and  horizontal   landing  capabili ty.   Base  -point  recover - 
able   vehicles   were  der ived in Phase II for   predicted  improvements  in propul- 
s ion   sys tems  and   propel lan t   charac te r i s t ics   cons ider ing   advances   th rough 
two time pe r iods :   nea r   t e rm - 1970  to  1980,  and  future - post  1980.  For 
each  of these  per iods,   three  vehicle   systems  were  def ined  and  c lass i f ied  into 
the  following  sizes : 

1 . 3  X 1 0  6 -pound  launch  weight - small payload 
1 .9  x 106-pound  launch  weight - medium  payload 
2 . 5  x 106-pound  launch  weight - large  payload 

These launch  weights  were  associated'with  vehicle  systems  that ,   in a fully 
recoverable  f l ight  mode  for  both first- and  second-stage,  would  deliver in 
orbit   useful  payloads of 20 ,  000,  40,  000 and  60, 000 pounds  respectively. 



During  this  Phase (111) , s t ruc tura l   synthes is  was conducted  for  the 
major   s t ruc tura l   she l l   components  of the  recoverable first stages.  Conven- 
tional  constructions  (skin  stringer,  waffle,  and  'honeycomb  sandwich)  were 
considered  for   the  pressurized  and  unpressurized  shel ls .   These  shel ls   were 
synthesized  as   "hot   s t ructures"   using  t i tanium, Rene'41 , and  Inconel  alloys 
and as insulated  aluminum  concepts  with  microquartz  insulation  and a 
Rene 41 heat  shield. 

The  method of evaluation  involved a component-by-component  substitu- 
tion  in  the  base-point  vehicle  systems.  Estimated  manufacturing  complexity 
factors ,   mater ia l   costs   with  year ,   and  man-hour   requirements   were  included 
in   the  cost   assessment .   Cost   assessment   was  accomplished by isolating  each 
structural   component  and  performing a comparative  evaluation of the  new 
component  to  the  base-point  component,  which  was  considered  to be aluminum 
in tegra l   sk in-s t r inger   cons t ruc t ion .   F ina l   assessment   i s   made   in   t e rms  of 
component  weight  reduction,  equivalent  payload  gained  from  this  reduction, 
and  cost  ratio  for  the  new  component,  which  is  identified  as  additional  dollars 
cos t   per  pound of payload  gained.   The  three  meri t   funct ions  are   then  orga-  
nized  in  arrays  to  order  their   importance.  

The  family of recoverable   f i rs t   s tages   t 'hat   were  invest igated  did  not  
experience a severe  thermal   prof i le   during  the  entry  t ra jectory.   The  vehicle  
systems  were  s taged  a t  6300 f t /sec  and 150,  000-ft  altitude,  which will p ro-  
duce  an  optimal  proportioned  two-stage  vehicle  system. With these  burnout 
conditions  and  the  ensuing  small  heat  load,  the  unprotected  "hot  structure" 
should  not  experience  temperatures  greater  than 1300OR. The  insulated 
concepts  required  only a nominal  protection  system  to  adequately  protect  
the  aluminum  load-carrying  structure.  

With  the  reusable  structures,   i t   was  found  that   the  minimum  weight 
design  for  an  acceptable  arrangement  was  the  most  beneficial .   This is due 
to  the  high  payload  exchange  ratios  and  the  repeated  missions  over  which 
the  original  construction  cost  can be amortized.  Therefore,   the  predominant 
parameter   in   the  cost   makeup  wil l  be the  relative  cost  of refurbishing  the 
s t ructural   concepts .   These  costs   wil l  be different  for  the  "hot  structures" 
and  the  fully  insulated  concepts. 

For  the  weight  penalties  assigned  to  the  external  thermal  protection 
system,  i t   appears   that   the   insulated  a luminum  designs  for   this   ser ies  of 
vehicles  would  produce  the  most  efficient  structure  from  the  weight  and  cost 
standpoint.  With  the  load-carrying  structure  designed  for  the  ascent  portion 
of the  trajectory,  there  was  sufficient  skin  thickness  to  act  as a heat  sink 
and  keep  the  maximum  temperature  experienced by the  "hot  structures" 
within  acceptable  bounds. Of the  three  materials  used  for  the  "hot  structures, ' '  

2 



it was  found  that  titanium  produces  the  lightest  weight  design. When r e s t r i c -  
t ions  are  . imposed on the operating  temperature  (1000  to  1100'R) of the 
load-carrying  s t ructures ,   severe  weig'ht  penalties  result  for  the  "hot 

.:. st ructures"   concept .  
,.. 
&% 
r i 

,&. Although  the  l ightest   construction  concept is honeycomb  sandwich,  when 
-. 

$2 i t   i s   designed  for   the  hot   s t ructural   concept   the  thin  outer   facing  sheet   does  
' not   ac t   as  a large  heat   s ink,   The  honeycomb  core   wil l   act   as  a the rma l   ba r -  

r ier  between  the  facing  sheets  and  will   cause a substant ia l   thermal   gradient  
- ,  and,   hence,   thermal   s t resses .   Therefore ,   wi th   the  honeycomb  design,   the  

high-working  temperatures  of Rene'41 and  Inconel  cannot  be  effectively  used 
because of increased   sk in   th icknesses   requi red   to   handle   the   h igh   thermal  
s t r e s s e s .  

Although  waffle  pattern  and  integral   skin  str inger  designs  are  the 
l ightest   construction  concepts,   they  have  an  adverse  cost   ratio.   This is 
because of the   mater ia l   cos t  of the  parent  stock  before  fabrication.  This 
was  not so  noticeable  for  aluminum; but  when  the  other  materials  were  con- 
s idered,   mater ia ls   costs   outweighed  fabr icat ion  costs .  

Genera l ly ,   research  would be more  beneficial  when  devoted to manu- 
facturing  and  design  development  for  new  and  advanced  structural   concepts 
and  for  developing  materials  with  markedly  improved  mechanical  and 
physical   propert ies   ra ther   than by forcing  improvement of cu r ren t   ma te r i a l  
ul t imate   s t rength  propert ies .  

The  computer   programs  for   vehicle   synthesis   and  s t ructural   design 
synthesis  were  consolidated  with a master   execut ive  control   program,  and 
the  total   program  was  demonstrated on the NASA computer   faci l i ty   a t   the  
Electronic   Research  Center ,   Boston,   Massac.huset ts .  A detailed  description 
of  these  programs  is   given in Volume I1 of th i s   r epor t .  
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INTRODUCTION 

For  investigation of the  effects   and  benefi ts   f rom  mater ia l   and  s t ruc-  
tural   research  as   appl ied  to   vehicle   systems,  a r ea l i s t i c   s e r i e s  of base -  
point  vehicle  systems is required.   This   requirement   is   more  appl icable  
when  s t ruc tura l   improvements   a re   assessed   aga ins t  a vehicle   system  that  
posses ses  a recoverable   s tage.   For   such a sys tem,   the   ra t io  of payload 
weight  to  vehicle  lift-off  weight  can  be  about 3 to 4 percent,  and  any  weight 
reductions  will  have a noticeable  effect on payload  improvement. 

To   s ize  a realist ic  vehicle,   one  has  to  consider  the  development  period 
in  order  to  include  not  only  predicted  advancements  in  material   and  structures,  
but also  those  advancements  that  would  probably  occur  in  the  other  disci- 
plines  that   primarily  influence  the  vehicle.   design.  For  example,   the  vehicle 
propuls ion  system  must   be  representat ive of the  period  considered:  i tems 
such  as   changes in  thrust ,   specific  impulse,   propellant  density,   and  the  basic 
engine  accessories  must  be  unique  to  that   particular  period.  The  complicated 
interplay of these   parameters   i s   d i f f icu l t   to   measure   manual ly   and ,   therefore ,  
requires  this  automated  procedure  to  make  these  interactions  fully 
understood. 

F r o m  a structural   standpoint,   the  size,   design  loading,  and  thermal 
environment of a structural  component  have  considerable  influence  upon  the 
choice of mater ia l s ,   types  of constructions,   and  fabrication  method  employed. 
F o r  a real is t ic   determinat ion of what  these  advanced  launch  vehicles  and 
their   s t ructural   design  environments   might   represent ,   i t   i s   necessary  to  
begin  with a mission  definition  and  to  establish  payload,  vehicle  size,  and 
performance  character is t ics .   Vehicle   system  parameters   s t rongly  interact ,  
and  the  vehicle  structural   system  is   greatly  influenced by each  of  them.  With 
i ts   strong  dependency on o ther   subsys tems,   s t ruc tura l   sc iences   research  
cannot  be  evolved  in a vacuum.  It  must  reflect  the  basic  mission  requirement 
and  i ts   in teract ion  with  the  s t ructural   system  and  the  other   funct ional   systems.  
Economic  measurements  must  be  included  to  determine  the  worth of conducting 
research   in  a par t icu lar   s t ruc tura l   a rea .  

During  the  Phase I1 study a s e r i e s  of base-point   vehicles   with  recover-  
able   f i rs t   s tages   were  def ined by the  parametr ic   vehicle   synthesis   programs.  
The  vehicles  considered  were  vertical-launched,  tandem-staged,  bipropellant 
sys tems.   Major   e lements  of the  study  were  the  evaluation of comparat ive 
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configurat ions  and  their   performance  for   several   orbi ta l   t ransport   systems 
having  recoverable first s tages   with a typical  range of payload  capability 
(20 000 to 60 000 pounds). 

Identical   system  design  philosophy  was  maintained,  where  possible,   in 
order  to  enhance  the  comparison  with  expendable  vehicle  systems.  Con- 
sequently,   both  systems  uti l ized  the  same  tandem  stage  and  tankage  arrange- 
ment,   vertical   takeoff  mode,  boost  trajectory  profile,   and  design  and  load 
cr i ter ia .   Sensi t ivi ty   to   some of these  parameters   was  monitored  during the 
s tudy  to   invest igate   their   effects   on  the  complete   base-point   vehicles .  

Th i s   s e r i e s  of base-point   vehicles   were  fur ther   analyzed  for   bet ter  
definition of the  design  and  thermal  loading  environment  and  to  conduct  detail 
s t ructural   analysis   and  t radeoff   s tudies .   The  prel iminary  design  synthesis  
program  def ines   the  major   s t ructural   components  of the  fuselage of the 
recoverable   f i rs t   s tage.   Each  component  is designed  for a var ie ty  of design 
load  conditions  encountered  during  various  regions of the  vehicle  mission 
t ra jectory.   The  major   s t ructural   shel l   components   were  synthesized  for  
investigation of the  re la t ive  benefi ts   ar is ing  f rom  s t ructure   and  mater ia l  
advances  appl ied  to   their   design.   The  types of mater ia ls   considered  included 
superalloys  and  conventional  material   thermally  protected  with  conventional 
insulation. 
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APPROACH 

The  design  synthesis  techniques  developed  for  expendable  vehicles 
during  Phase I1 were  extended  to  provide  specific  design  synthesis  sub- 
rout ines   for   the  s t ructural   design  evaluat ion  of   recoverable  first s tages .   The 
family  of   vehicle   systems  (both  near   term  and  projected  future   concepts)  
developed  in  the  previous  phase  of  the  contract  was  used as the  base-point 
vehicles   for   the  design  synthesis   exercise   to   invest igate   the  effects  of 
s t ructures   and  mater ia l   advancements .  

The  design  synthesis  consists of three  s teps:   environment   def ini t ion,  
design  synthesis,   and  tradeoff  studies.  

The  interconnection  for  these  three  steps is indicated  in  f igure 1 .  The 
s ta r t ing   inputs   for   the   p re l iminary   des ign   synthes is   a re   spec i f ic   base-poin t  
vehicle  configurations  defined  by  the  parametric  synthesis  programs  in 
Phase  .II: The  vehicle  definition  consists of s tage  s ize ,   performance,   major  
component  weight  breakdown,  and  an  empirical  relationship  for  the  design 
environment.  This  environment has  been  defined  more  explicitly  for  the 
parametric  base-point  vehicles to  al low  realist ic  design  loads,   temperature,  
e tc . ,   to   be  used  for   the  s t ructural   design  t radeoff   s tudies .   Since  the  main 
emphasis  is  on  the  structural   design  and  i ts   interaction  with  new  concepts  and 
ma te r i a l s ,  a comprehensive  integrated  automatic  analysis of the  vehicle 's  
t ra jectory,   aerothermal   environment ,   and  loading is  outside  the  scope of this 
study.  Instead,  existing  Space  Division  programs  were  used  to  evaluate  the 
required  environmental   data  for  the  preliminary  design.  These  programs 
are   ou ts ide   the   main   f ramework  of the  automatic   design  synthesis   programs 
and  were  used  only  to   substant ia te   the  parametr ic   environment   data .  

Additional  synthesis  routines  were  developed  to  describe  the  effects of 
the  entry  thermal   prof i le   on  the  f i rs t -s tage  fuselage.   These  rout ines   were 
used to invest igate   the  temperature- t ime  his tor ies  of the  base-point  vehicles 
f o r  a var ie ty   of   construct ion  designs  and  mater ia ls .   The  s t ructural   concepts  
of a hot   s t ructure   (superal loys)   or  a conventional  insulated  concept  were 
considered  in  order  to  determine  the  effect   the  back  face  thermal  temperature 
had  on  the  load-carrying  capabili ty of the  pr imary  s t ructure   and  the 
associated  weight   penal t ies   incurred.  

The  prel iminary  design  synthesis   program  def ines   the  major   s t ructural  
components of the  recoverable first stage.  Each  component is  designed for 
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a variety of design  load  conditions  encountered  during  various  regions of the 
vehicle   mission  t ra jectory.   The  major   components   (shel ls   and  tanks)   were 
synthesized  to  investigate  the  relative  benefits   arising  from  their   design 
improvements .   The  remaining  subsystems of the  recoverhble   s tage  were 
still  only  considered  in a parametr ic   we’ight   es t imat ion  in   order   to   develop 
the   overa l l   mass   f rac t ion  of the  stage.   Init ial   data  cases  were  involved  with 
defining  the  individual  structural  element  weights  for  the  base-point  vehicle, 
using a nominal  baseline  material   and  construction.  Additional  synthesis  test  
cases   were  generated  and  compared  with  the  basel ine  mater ia l   and 
construction by the  assessment   subrout ine.  
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VEHICLE  DEFINITION AND ENVIRONMENT 

Base-Point  Vehicle  Description 

The   a r ea  of interest   for   the  ful ly   recoverable   vehicle   system  was 
defined  in  Phase I1 to   be  for   vehicle   systems  with  capabi l i ty  of placing in 
Earth  orbi t   payloads  ranging  f rom 20 000  to 60 000 pounds. To achieve  these 
payloads  with a pract ical   s ize   and  cost-effect ive  system, it was  decided  to 
use  uprated  propuls ion  and  propel lant   systems;   that   i s ,   post-1975  system 
character is t ics .   Three  typical   launch  weights  (1. 3 ,  1. 9 and 2. 5 million 
pounds)  were found  to  correspond  approximately  to  fully  recoverable  vehicles 
with 20 0 0 0 ;  40 0 0 0 ;  and 60 000-pound  payloads,  respectively.  Therefore, 
these  three  launch  weights   were  used  to   ass is t   in   the  parametr ic   design of 
vehicle   systems  where  only  the  f i rs t   s tage  was  recoverable .  

Phase  I1 of the  study  was  l imited  to  the  parametric  synthesis of ver t ica l -  
launched,  tandem-staged,  bipropellant  vehicles,   with  the  f irst   stage  having a 
fully  recoverable  capabili ty  and  with  an  expendable  upper  stage  (fig.  2 ) .  The 
recovery  mode  for   the  f i rs t -s tage  vehicle   was  to   perform  var ious  f l ight  
maneuvers  to  reduce  apogee  and  entry  heating  and  loading  and  to  provide 
subsonic  cruise  capabili ty  for a specified  range  and a final  horizontal  landing. 

F o r  a family of mission  requirements  and  typical  velocit ies,  a s e r i e s  
of design  ground  rules  emerge  for  the  recoverable  vehicle  systems  synthe- 
s ized  for   this   s tudy  and  are   given  as   fol lows:  

1 .  Vertical   launched,  horizontal   recovery 

2. Two-stage  ( f i rs t   s tage  recoverable ,   second  s tage  expendable) ,  
tandem-staging  arrangement .  

3 .  Designed  with  near-term  (1970  to  1980)  and  future  (post-1980) 
sys t em  cha rac t e r i s t i c s  

4 .  Payload  spectrum  associated  with 20 0 0 0  to 60 000 pounds  for a 
fully  re  cove  rable s ys  tem 

5. Eastward  launch  from  Atlantic  Mission  Range (AMR) and  mission 
orbi t   a t t i tude of 262 naut ical   miles  
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6. Maximum  boost  acceleration: 4 g ' s  

7. Boost  phase  terminates  with  circular  injection  at  50 naut ical   miles  

8. Propellant:  LO2 - R P 1  f i rs t   s tage 
LO2 - LH2 second  stage 

9.  Thrust- to-weight   ra t ios  of 1. 25 first   stage  and  1.  0 second  stage 

FLY  BAC K 
ENGINES 

EXISTING STAGE 1 
TANKAGE AND 
PROPULSION  SYSTEM ' ADDITIONAL FORWARD 

NOSE SECTION 

Figure  2.  - Typical  Recoverable  First-Stage  Vehicle 

The  total   mission  prof i le   and  i ts   associated  veloci ty   requirements   were 
considered  for  a two-stage  vehicle   system.  Prel iminary  parametr ic   s iz ing 
of the  vehicle  indicated  that  with  regard  to  minimization of launch  weight  for 
the  design  conditions  considered,  an  efficient  staging  velocity  would  be 
around 6500 fps .   Therefore ,   the   total   mission  prof i le ,   par t icular ly   the 
ascent   phase ,   was   s imi la r   to   tha t  of the  vertically  launched  Reusable  Orbital  
Transpor t   ( re f .  1 ) .  A schemat ic  of the  ascent  profile  is   shown  in  f igure 3 
with  first-stage  boost  to  6500  fps at an  a l t i tude of 175 000 feet  and a flight 
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path  angle of 20 degrees .   At   this   point ,   s tage  separat ion is commanded,  and 
the  second  stage  proceeds  to a parking  orbi t   and  thence,   v ia   Hohmann  t rans-  
fer ,   to   i ts   rendezvous  orbi t .   The  veloci ty   requirement   associated  with  the 
ascent ,   rendezvous,   and  deorbi t   are   def ined  in   Table  1 .  

TABLE 1 .  - STAGE  VELOCITY  REQUIREMENTS  FOR 
RECOVERABLE-EXPENDABLE  VEHICLES 

Velocity  Factor 

Ci rcu lar   ve loc i ty   a t  50 n. mi. 
Less   Ear th   ro ta t ion  
Net  velocity  to  be  gained 

Total   veloci ty   requirement   for   f i rs t   s tage 
(includes  velocity  losses) 

Second-stage  boost   requirements  
Hohmann  t ransfer   a t  50 to  100  n. mi. 
Launch  window 
Hohmann  transfer  to  100-n. mi. apogee V 
Hohmann  transfer  to  262-n. mi. 
1. 5% reserve   for   devia t ion   f rom  normal  

operat ing  procedure 
Second-stage  veloci ty   losses  

Total  velocity  requirement  for  second  stage I 

Requirement  
( fps)  

25 740 
1  246 

24 494 

10  060 

17  694 
91 

100 
91 

529 

300 
1 010 

19  815 

The  recoverable   launch  s tages   involve  two  pr imary  propuls ion  systems:  
one  for  the  launch  phase  and  one  for  the  powered  flyback  phase of recovery .  
During  Phase 1 of this  study  (ref.  2 )  l iquid-propellant  rocket  engines  were 
investigated  on  the  basis of past   developments,   scheduled  future  develop- 
ments ,   and  projected  capabi l i t ies   during  the  1975  to   1985  per iod.   Advanced 
propuls ion  systems  invest igated  during  Phase 1 of the  study  were  taken  to  be 
appl icable   for   the  recoverable   vehicle   systems.   For   consis tency  between  the 
phases  of this   s tudy,   ident ical   character is t ics   were  used,   as   fol lows:  

Nea r - t e rm:   Pos t -1  975 
F i r s t   s t age  LO2/RP1  sys tem 308 seconds  average 
Second  stage LOz/LHz sys t em 460  seconds 
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Fixture:   Post21985 
First s tage  L 0 2 / R P 1   s y s t e m  340  seconds  average 
Second  stage L02 /LH2  sys t em 500  seconds 

The  remaining  propulsion  and  propellant characteristics used  for  the 
vehicle  sizing  are  shown  in  table 2.  

TABLE 2. - PROPULSION  AND  PROPELLANT 
CHARACTERISTICS 

Charac te r i s t ic  
- ~~ 

~~ 

Engine  system  propellants 
Thrust-to-weight at liftoff 
Number of engines 
Number of movable  engines 
Chamber   p re s su re ,   p s i  
Engine  expansion  ratio 
Gimbal   range  a t   max q 
Mixture  ratio  oxid/fuel 
Oxidizer  density,   lb/in3 
Fuel  density,   lb/in3 
Ullage  factor,   percent 
Ullage  pressure,   lb / in2 

Value 

Stage 1 

L 0 2 / R P 1  
1 .  25 
5 
4 
1000 
25 
4 . 0 "  
2.  25 
0.  0413 
0.0292 
10 
39. 0 

~~~~ ~~ 

Stage 2 

LO2 / LH2 
1 . 0  
1 

632 
35 

5. 0 
0.  0413 
0 .  00256 
15 
36. 0 

The  flyback  propulsion  and  range  requirements  were  assumed  to  be  for 
a typical  subsonic  turbofan  engine,   these  engines  being  assumed  to  be 
adequately  protected  against   high  temperature  during  entry.   The  system 
design  parameters   for   the  f lyback  systemare  shown below, 

- .- ~ ~~ - ~~ 

Flyback  range 

3 . 0  Thrust  to  installed  engine  weight  ratio 
0 . 7  lb/hp/hr  Specific  fuel  consumption 
0. 6 Flyback  cruise  Mach  numbeq 
5 . 0  Flyback  (L/D)  maximum 
300 n.  mi. 

The  basic   vehicle   design  character is t ics   for   the  tanks,   bulkheads,   wing 
planform,  e tc .  , are   given  in   table   3;  a pictor ia l   representat ion of the s t ruc -  
tu ra l   a r rangement   for   the   recoverable   s tage  is shown  in  f igure  4.  
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Figure 4. - Recoverable  First-Stage  Booster Concept 
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TABLE 3 .  - VEHICLE DESIGN  CHARACTERISTICS 

I Charac ter i s t ic  1 Value 

Bulkhead  aspect   ra t io  
Stage 1 
Stage 2 

Separate  bulkheads  Stage 1 
Common  bulkheads  Stage 2 

Payload  f ineness  ratio  for  cylinder 
Payload  cone  half  -angle 
Crew  equipment  weight 

- - ~ ~ ~~~ 
." - - . . . . 

~. . " ~ - .  ~~~~ ~~ 

Wing aspect   ra t io ,   minimum 
Wing aspect   ra t io ,   maximum 
Wing taper   ra t io  
Maximum  allowable  leading  edge  sweep 
Thickness-to-chord  ratio,   percent 
F i n  a r e a  to  wing area ,   percent  
Hypersonic  wing  loading  during  entry 

0.  5 
35" 
3000 lb  

2.  25 
2.  5 
0 . 4 5  
60 O 

8 
8 
50 lb/f t2  

The  parametrically  derived  vehicle  systems  were  subsequently 
subjected  to  detailed  analysis  to  see i f  the   basic   assumed  empir ical   re la t ion-  
ships a n d  aerodynamic  coefficients  were  consistent  with  the  final  sized 
vehicle  systems.  The  subsequent  sections of this  report  dealing  with  the 
redefinition of the  environment ,   performance,   and  design  character is t ics  
indicate   that   the   parametr ic   assessment   was  qui te   real is t ic   and  the  differ-  
ences  sufficiently  small   that   the  original  base-point  vehicles  were  not 
resized,  but  their   design  thermal  environment  was  updated.  The  appropriate 
sizes  and  dimensions  for  the six base-point   vehicles   are   given  in   f igure 5, 
the  performance  and  major  weight  breakdown  in  figure 6,  and the s y s t e m  
weight  distribution f o r  prelaunch,   maximum  dynamic  pressure,   and  end  boost  
a r e  given  in  figures 7 ,  8 ,  and 9.  

Aerodynamic  Character is t ics  

The  pr ime  object ive of this   analysis   was  to   determine  the  aerodynamic 
charac te r i s t ic  of the  vehicle   system  to   assure   sat isfactory  f l ight   performance 

15 



- 

S 
T 
A 
G 
E 
0 
N 
E 

- 

S 
T 
A 
G 
E 
T 
W 
0 

- 

Station 

N 
P 
CT 
CR 
S 
DM 
G 
F 
E 
D 
C 
B 
A 
0 

N 
P 
CT 
CR 
S 
DM 
G 
F 
E 
D 
C 
B 
A 
0 

r 
F 

VEHICLE LAUNCH WEIGHT 1 
1.3 x 1 0 6  Ib 

N e a r  

- - 
216.0 
479.0 
521 .O 
260 .o 
915.8 
785.8 
693.9 
524.8 
325.3 
264.5 
172.6 
0 - 

2025.9 
1868..  8 

- - 
220 .o 

1758.8 
1681 .O 

1254.7 
1124.3 
1046.5 
1026.5 

- 

Future 

- - 
213.0 
473 .o 
516.0 
260.0 
889.5 
759.5 
667.6 
515.1 
315.6 
265.3 
173.4 
0 

2075.8 
191  8.7 - - - 
220.0 

1808.7 
1730.9 

1175.3 
1106.8 
1029.0 
1007.6 

- 

- 

- 

1.9 x lo6 Ib ? Near 

- - 
258.0 
573.0 
617.0 
300.0 

1001.7 
851.7 
780.5 
602.7 
372.6 
313.3 
207.2 
0 

2232.7 
2047.1 - - 
260 .o 

1917.1 
1825.1 

1293.3 
1250.9 
1159.0 
1134.9 

- 
- 

255 .O 
567 .O 
612.0 
300.0' 
972.9 
822.9 
751.7 
592.2 
362.0 
314.2 
208.1 
0 

2283.4 
2057.7 - - - 
260 .o 

1967.7 
1875.8 

1383.2 
1232.6 
1140.6 
11 14.8 

- 

295 .O 
655 .O 
694.0 
320 .O 

1118.7 
958.7 
895 .O 
676.7 
431.2 
350 .O 
236.8 

0 

2429 .O 
2214.8 - - - 
300 .O 

2064.8 
1958.7 

1428.3 
1405.3 
1299.2 
1271.6 

- 

-1 - 
- 8  

292 .O 
648.0 
689.0 
320 .O 

1085.4 
925.4 
861.7 
664.4 
418.9 
350.9 
237.8 
0 

2475.1 
2260.8 - - - 
300.0 

21  10.8 
2004.7 

1422.8 
1383.7 
1277.7 
1248.1 

- 
- 

Figure 5. - Vehicle  Size  Characteristics 
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during  the  entire  flight  regime-from  liftoff  through  boost,  separation, 
reentry  and  landing. Wing s ize   and  shape  for   the  recoverable  first stage  was 
based  upon  the  required  aerodynamic  character is t ics   associated  with  the 
entry  stage  touchdown,  subsonic  longitudinal  stability,  and  hypersonic  wing 
loading.  Because of heating of the  empty  stage  during  entry,  the  wing  was 
restrained  to  a loading 50 lb/ft2  during  the  vertical   entry  phase.   The  sub- 
sonic   maximum l i f t  was   assessed   to   de te rmine  its adequacy  during  the  touch- 
down  maneuver.  The  wing so der ived  was  located  to   provide  neutral   s tabi l i ty  
for  the  landing  condition.  The  ascent  boost  during  maximum  dynamic  pres- 
sure   wil l   produce a high  wing  loading  and  will  provide  the  design  criteria  for 
s eve ra l  of the  major   s t ructural   components  of the first s tage.   Figure 10 
shows  that  for a typical   ver t ical   launched  t ra jectory,   the   vehicle   veloci ty  i's 
supersonic   a tqmax . 

Estimated  normal   force,  CN,, d i s t r ibu t ions   a re   p resented   in   f igures  11 
through  13 - for  three  launch  vehicle  sizes  with  recoverable  f irst   stages.  
These   l oad ings   a r e   fo r   t he   max imum q condition  at a=4O. The  loadings  for 
the  body  include  the  interference  loading on the  body  due  to  the  wing  panels. 
Loading  distributions  for  the  body  alone  were  based on Saturn V data of 
re ference  3 (fig.  13) .   This   par t   comprises   only  f ive  percent   or   less  of the 
total   load.  Interference  effects  were  taken  from  reference 4 which i s   based  
on  DATCOM. 

These  values  were  assumed  to  hold  for  angles of attack of approximately 
4 degrees ,   which  correspond  to   the  minimum  load  t ra jectory  and wind  gust 
condition.  Figure  14  shows  the  zero  lift-to-drag  coefficients a s  a function of 
Mach  number,   which  were  used  for   the  ascent   t ra jectory  evaluat ion.   These 
drag  coeff ic ients   were  held  constant   for   the  ent i re   family of launch  vehicles.  

To determine  the  thermal   his tor ies  of the  entry  configurations,  it   was 
necessary  to   def ine  the  hypersonic   aerodynamic  character is t ic  of the   f i r s t  
stage by i tself .   The  entry  configuration  consists of the  cyl indrical   f i rs t -s tage 
tankage  with  fixed-wing  panels  attached  in  the  yaw  plane of the  cylinder.  The 
dimensions of the  cylinder  and  wing  panels  are  given  in  figure 5. The  wings 
are  sized  for  the  subsonic  landing  f lare  maneuver,   and  their   large  area 
resul ts   in  a substantial  contribution  to  the  aerodynamic  forces  acting  on  the 
vehicle  during  hypersonic  flight.  The  vehicle  nose  was  assumed  to  be a hem- 
isphere,   tangent  to  the  cylinder  at   the  separation  plane of the  f i rs t   and  sec-  
ond stages  (Station  F1). A blunt  nose  with a shape  other  than  hemispherical  
should  not  greatly  affect   the  hypersonic  aerodynamic  force  characterist ics at 
the  angles of attack  at  which  the  vehicle is t r immed,   The  hypersonic   l i f t   and 
drag  character is t ics   for   the  three  entry  configurat ions,   based on Newtonian 
theory ,   a re   p resented   in   f igures   15 ,  16, and  17.  The  maximum  lift 
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condition  occurs at an  angle of attack of 5 5  degrees,  with a corresponding 
L / D  of approximately 0. 6 .  The  major  contribution  to  the  lift  force is 
provided by the  large  wing. 

These  results  were  used  in  redefinition of the  entry  temperature  profile 
and  were  evaluated  using  optimized  aerodynamic  heating-entry  trajectory 
computer  programs  developed  at  the  Space  Division.  The  entry  trajectories 
and  thermal  environment  are  discussed  in  detail  later  in  this  report. 

Using  the  updated  aerodynamic  characteristics, a complete  trajectory 
with  heating  analysis  was  run  for  the  boost  and  descent  phases,  giving  the 
performancc  characterist ics of the  recoverable first stage.  Optimization 
trajectory  computer  programs  developed  at SD with  aerodynamic  heating 
indicators  were  run  for the ascent  and  descent  trajectories  to  provide 
transvcrse  variation of the  major  flight  parameters. 

Ascent  Trajectory  and  Heating 

The  initial  boost  trajectory  through  the  denser  atmosphere  was  con- 
sidered  to  be a minimum-lift  flight  path  to  help  alleviate  severe  loading 
through  the  maximum  dynamic  pressure  regime. 

Design  load  environments  during  the  maximum  dynamic  pressure  were 
considered as  the  result of the  vehicle  system  encountering a sharp  edge  gust. 
The  vehicle  was  assumed  to  be  programmed  for a minimum-load  flight  profile 
to alleviate  severe wing  loading prior  to  encountering a gust.  This  require- 
ment  supposes  that  the  vehicle  control  system  will  respond to the  gradual 
build-up of the  winds  and  is  only  required  to  be  designed  for  the  additional 
wind  gust of 9 meters/second,  maximum.  The  gust  velocities,  vehicle 
velocity of M = 1. 2 a t  3 5  000 feet  altitude,  and  the  relative  attitude of the 
flight  profile  to  the  local wind stream  are  considered  to  introduce a relative 
angle of attack of about 3 degrees. If a control  delay  lag of 1 degree is 
assumed,  the  total  angle of attack  was  taken as 4 degrees.  The  maximum 
dynamic  pressure is dependent  upon  the  flight  profile  and  the  rocket 
performance. 

After  the  maximum  dynamic  pressure  region,  the  first-stage  burn  was 
considered  to  be a zero-gravity  turn  until  separation.  The  second  stage  will 
follow a pitch  control  optimized  path  to  achieve  desired  orbit  with  the maxi- 
mum  performance.  These  flight  profiles  were  investigated  using  Space 
Division  computer  programs to determine  an  efficient  trajectory  with  the 
proposcd  baseline  vehicles.  The  three  near-term  baseline  vehicles  1. 3 ,  1. 9,  
and 2 .  5 million  pounds  launch  weight  were  evaluated by the  programs to com- 
pare the  analytical  performance  with  the  performancc  assessed  with  the 
paranlctric  synthcsis  subroutines.  The  flight  parameters'   variations  with 
b u r n  t ime for  the  smallest  vehicle  are  shown  in  figure  18  and  indicate good 
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agreement  with  the  previously  developed  data.   The  burnout  conditions oi the 
f i rs t  stage  provide  the  initial  conditions  for  the  ballistic  coast  and  entry 
trajectory  calculations.   These  init ial   conditions a r e  given i n  table 4 lor the 
three launch  vehicles.  

TABLE 4. - INITIAL  CONDITIONS 

Configuration 

i Gross  Weight 
Dref  (in. 1 

260  1. 3 x 106 133,  664  '145, 900 

300 1 . 9  x l o 6  189, 155  151,  500 

3 20 2 .  5  x  IO6 242,  936  154, 700 

It is interest ing  that   these  s taging  condi t ions  are   a t   6300 f p s ,  which is 
200  fps  lower  than  indicated  by  the  synthesis  program.  This  difference is  
due  to  the  underestimation of the  velocity  losses  associated  with  the  f irst-  
s tage  burn,   and,  i f  required,   this  effective  variation  can  be  included  in  the 
synthesis  empirical   evaluation of losses ,  thus  updating  the  parametric  pro- 
gram.  The  s taging  a l t i tude is  now only  150, 000 feet,  which  will  affect  the 
thermal  profile  during  entry,  as  was  determined  by  the  subsequent   thermal  
ana lys i s   p rog rams .  

The   maximum  dynamic   p ressure   a t ta ined   dur ing   boos t   ( f ig .  18)  was 
735  lb/ft2,   which  was  within  l imits of the  es t imate  of 720 lb/f t2 ,   used  for  
Phase  I1 s tudies .  Also the  relative  angle of attack  for  the  zero  l if t   (minimum 
load)   was  less   than  one  degree.   Therefore   the  external   loads  def ined  during 
Phase  I1 of the  s tudy  real is t ical ly   represent   the  environment   during  the  boost  
ascent   phase of the  t ra jectory.  

With  this  load  minimum  flight  path,  etc. , the  attainable  payloads  into 
Earth  orbi t   are   within  acceptable   l imits .   Table  5 compares  the  two  sets 
of values   f rom  the  computer   analysis   and  the  parametr ic   synthesis .   The 
analytical   results  do  not  include  the  velocity  allowances  for  Hohmann 
transfers  and  launch  window.  These  extra  velocity  requirements  account  for 
an  additional  811  feet  per  second  (table l ) ,  which,  with  the  engine  system 
proposed,  will   result   in  an  additional  performance mass ra t io  of 1 .054.  If 
the  burnout  weight  quoted  in  table 5 is  factored by  this  additional  ratio, a 

32 



r 

true  burnout  weight  is  obtained of 87 600  pounds  which is approximately 
1400  pounds  less  than  the  original  parametric  estimate,   an  error of about 
1-1 /2   percent .  

TABLE 5. - ANALYTICAL  COMPARISON FOR 
1 . 3  x l o 6  POUND VEHICLE 

Compute r P a r a m e t r i c  
Analysis Values 

- .  

Velocity  gained,  stage 1 
Veloci ty   losses ,   gravi ty ,   s tage 1 
Veloci ty   losses ,   s teer ing,   s tage 1 
Character is t ic   veloci ty ,   s tage 1 
Velocity  gained,  total 
Veloci ty   losses ,   gravi ty  
Veloci ty   losses ,   s teer ing 
Character is t ic   veloci ty  
Weight  at  burnout 

~ _ _ _ .  ~ . ~~ - 

6 296 
3 424 

344 
10  063 
24 426 
4 126 

836 
29  364 
92 068 

6 500 

13 565 

10  065 
24 426 

( 4  575 

':'29 880 

: : :Characterist ic  velocity  includes  requirement  for  Hohmann  transfer,  
e tc .  

Entry  Trajectory  and  Heating 

Using  the  updated  aerodynamic  characterist ics,  a complete   t ra jectory 
with  heating  analysis  was  run  on  optimization  trajectory  computer  programs 
developed  at   the  Space  Division.  These  programs,  with  aerodynamic  heating 
indicators ,   were  run  for   the  descent   t ra jectory  analysis   and  provided  data  
to  determine  the  temperatures  on  the  wing  leading  edge,  upper  surfaces, 
lower  surface,   and  body  s tagnat ion  point .   From  the  above  analysis ,   the  

' thermal   p ro tec t ion   requi rements   were   assessed .  

The  Space  Division  thermodynamic  performance  digital  computer  pro- 
gram  combines  the  features   required  to   accomplish  an  integrated  s tudy of 
vehicle ,   f l ight   and  heat   t ransfer   character is t ics .   Combined  into a single 
program  are   the  t ra jectory,   aerodynamic  heat ing,   ablat ion,   and  wing  tem- 
perature  distribution  computations.  

The  t ra jectory  subrout ines   predict   the   vehicle   performance  character-  
i s t i c s   fo r  a var ie ty  of hypersonic  f l ight  applications.   The  aerodynamic 
heating  portion of the  program  analyzes   the  heat ing  environment   experienced 
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by a vehicle   in  the supersonic  to  the  hypersonic  f l ight  spectrum  and is 
applicable  to  circular  and  parabolic  entry  conditions.  Nonblowing  convective 
and  radiant  heating  environments a re  considered at the  vehicle 's   nose  and 
leading  edge  stagnation  regions  and at locations  along  the  fuselage  or  wing 
wet ted  surface.   The  s t ructural   temperature   predict ion  evaluated  one-  
dimensional   heat   t ransfer   problems.   for   spherical   or   cyl indrical   surfaces  
subjected  to  convective  and  radiative  heating. A finite  difference  technique 
is ut i l ized  to   compute  the  s t ructural   temperatures .  A simplified  schematic 
of  the  thermal  evaluation  approach is shown  in  figure  19. 

The  trajectory  profile of the  recoverable  stage  consists of a ball ist ic 
coast   from  first-stage  burnout  to  apogee,  followed  by a reorientation  to  the 
maximum l i f t  at t i tude  and  entry  into  the  denser  layers of the  a tmosphere,at  
this  high  angle of attack. A load  factor limit of 4 g ' s   was   es tab l i shed  as  an  
entry  constraint ,   with  angle of attack  modulation  utilized  to  keep  the  peak 
deceleration  below  this  value.  However,  due  to  the  low  m/CLS of the  vehicle, 
i t   was  not  found  necessary  to  modulate  the  angle of attack,  and  the  entire 
descent  was  f lown  at   the  maximum l i f t  attitude. 

The  entry  t ra jectory  character is t ics  a r e  shown  in  figures 20 through 22  
as a function of time from  f i rs t -s tage  burnout .   The  ent i re   t ra jectory  remains 
within  the  atmosphere,  with  an  apogee  altitude of approximately 240 000 feet .  
During  the  descent  phase,  the  peak  load  factor  for  Configuration 3 slightly 
exceeded  the  limiting  value of  4 g ' s ,  but  the  difference  was s o  small that  the 
added  complexity of mechanizing  the  program  to  modulate  the  angle of a t tack 
during  this  short   period  was  not  warranted.  The  unpowered  trajectory was 
continued  to  the  ground,  although  the  actual  mission  does  include a pullout 
maneuver  and  powered  return  flight  to  the  launch  site  following  deceleration 
to  subsonic  velocities. 

The  aerodynamic  heating  was  evaluated  at  five  positions  on  the  recover- 
able  stage  fuselage,   and  the  locations of these  points   are   indicated  in  
f igure 23 .  At  apogee,  the  vehicle  angle of attack  changes  from 0 to 
55 degrees;  and  the  stagnation  point  consequently  moves  .from  body  point 1 to 
body  point 2 .  The  heat ing  ra te   his tor ies   a t   the   f ive  points   are   presented  in  
figures 24 through 38 a s  a function of wal l   t empera ture   for   each  of the  launch 
vehicles. Also  shown  as   dashed  l ines   are   the  corresponding  equi l ibr ium  wal l  
t empera tures   a t   each   sur face   loca t ion .  

At  the  time of f i rs t -s tage  separat ion,   the   nose of the  vehicle is  exposed 
to   the   f rees t ream a i r ,  and  the  stagnation  point  experiences its highest   heat-  
ing  rate.   However,   the  f low  over  most of the  vehicle  is  turbulent,  and  the 
highest   overall   heating is in  the  vicinity of body  point 2 .  A s  the  vehicle  gains 
altitude,  transition  to  laminar  flow  occurs.  The  flow  becomes  laminar  over 
the  entire  body  at   an  alt i tude of approximately 210 0 0 0  feet. At   apogee,   there  
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Figure 21.  - Recoverable  First-Stage Entry Trajectory, Configuration 2 
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is a jump  in  thc  heating  at  each.  body  point  due  to  the  change i n  angle of attack. 
During  the  desccnt  to  lower  altitudes,  the  flow  once  again  becomes  turbulent 
over  the  body,  and  the  heating  increases  to a second  peak  value. 

The  total  heat  loads  experienced  from  the  time of separat ion  to   the  t ime 
at   which  the  heat ing  ra te   becomes  zero  are   tabulated i n  table 6 for  each of the 
body  points.  Maximum  cold-wall  heat  loads  are on the  order  of 200 Btu/ft , 2 

with  the  major  portion of the  heat  load  occurring  during  the  entry  portion of 
the  flight, i n  contrast   to   the  maximum  heat ing  ra te   condi t ions,   which  are  
encountered  at   f irst-stage  separation  when  the  velocity is highest .  

External  Load  Evaluation 

Thc  major   s t ructural   shel l   e lements   are   designed  to  a s e r i e s  of loading 
intensit ies  and  tcrnperatures  occurring  at   various  t imes  throughout  the mis- 
s ion  t ra jectory.  Of major  interest   is   the  overall   design  envelope  for  the 
recoverable   f i r s t   s tage .  An additional  design  loading  has  to  be  considered  for 
the  reentry  phase of the  trajectory,  which  could  possibly  be  the  most  critical, 
both  from  the  thermal  aspect  and  loading  intensity.  The  entry  corridor  flown 
was  considered  to  bc  at   maximum  aerodynamic  l if t   with  angle of attack of 
55 degrees   approximately  for   a l l   s ize   vehicles .   The  resul t ing  decelerat ions 
from  this  flight  profile  was 0.  5 g's along  the  flight  path  and 4 g ' s  normal   to  
the  flight  path.  These  dcceleration  conditions  were  assumed  to  prevail  when 
thc  reentry  s tage  is   subjected  to   i ts   h ighest   heat ing  ra tes   and  when  the  load-  
car ry ing   s t ruc ture   reaches   i t s   maximum  tempera ture .   The   weight   d i s t r ibu-  
tion  for  the  reentry  vehicle  was  taken  to  be  that of the  stage  at   stage-one 
burnout  (fig. 7 ) ,  and  the  unit  distribution  along  the  stage  length  for  the  three 
s izes  of vehicles   is   indicated in  figure 39. This  weight  distribution  will 
produce  the  design  loads,  bending  moments,  and  axial  loads,  during  the 
deceleration.  The  wing  weight  was  considered  to  be  reacted  uniformly  along 
the  root  chord.   The  stationwise  shear  loads  due to  1-g   normal   iner t ia   a re  
shown  in  figure 40, and  the  vehicle  bending  moments  from a 4-g  normal  
inertia  (maximum  deceleration  component)  is   given i n  figure  41.  These  bend- 
ing  moment s   a r e  not  balanced  yet  by  any  aerodynamic  forces,   but  are  con- 
cons idered   as  a fully  f ixed  condition  at   station  zero.   From  figures 15 through 
17  the  hypersonic  lift  coefficient  is  obtained,  and  the  resulting  lift  distribution 
from  both  the  wing  and  fuselage  was  evaluated.  The  normal  force  component 
f rom  the  wings  was  reacted by the  f ront   and  rear   spars   into  the  fuselage 
section:  Based  upon  the  hypersonic  center of pressure   a t   50-percent   chord ,  
thc  concentrated  equivalent  loads of the  two  wing  spars  were  derived;  the 
overa l l   s tage   shear   forces   due   to   the   aerodynamic   forces   a re   shown  in  
figure  42,  and  the  resulting  bending  moments  in  figure  43.  The  aerodynamic 
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TABLE 6. - RECOVERABLE FIRST-STAGE ENTRY HEATING LOADS 

Configuration 

1 

2 

3 

Gross Weight 

1. 3 x l o6  l b  

1 . 9  x l o 6  Ib 

2 .5  x l o6   l b  

Twall  I Point  Body 

500 "R 1 
2 
3 
4 
5 

1000"R 1 
2 
3 
4 
5 

1500"R 1 
2 
3 
4 
5 

500"R 1 
2 
3 
4 
5 

1OOO"R 1 
2 
3 
4 
5 

1500"R 1 
2 
3 
4 
5 

500"R 1 
2 
3 
4 
5 

1OOO"R 1 
2 
3 
4 
5 

1500  "R 1 
2 
3 
4 
5 

1 Heat  Load, Q,  Btu /Ft2  

0 to  Apogee  Apogee  to -4 
60.01 176.69 
67.68 

192.44  9 .98 
90. 33 

37.08 34.97 
168.  23 9.  66 

46.  65 70.84 
43.94 61.55 

7 .97  71 .73  
7.57 77 .24  

27.60 19.08 

39.98 49.  15 
37.  50 45.05 

5. 1 5  52.79 
4.77 54.97 

21.37 7 . 8 3  

47.65  180.44 
53.70  85.47 

7.85 209.06 
7.10  171.67 

27.  73 36.71 

38.59  70.09 
37.74  58.88 

6.  52 75.19 
5.79 76. 39 

22.70 18.81 

31.  64 52.  13 
29.69 43.  61 
4.  04 61.72 
3. 54  57. 67 

16.  88 7.83 

43. 41 192.05 
44.87  83.82 

6.  60 219.  58 
6. 00 173.84 

25.05  37.7 1 

35.18 76.  35 
31.00  57.9 1 

5.47  21.58 
4.  87  77.83 

20.53 19.10 

28.93 59. 27 
25.06 43.  64 

3. 44 68. 61 
3.02  60.58 

15. 31 8. 76 

To ta l  

236.70 
158. 01 
202.42 
177.  89 
72 .05  

117.49 
105.  49 
79.70 
84.81 
46.  68 

89. 1 3  
82 .55  
57 .94  
59 .74  
29.  20 

228.09 
139.  17 
216.91 
178.77 
64.44 

108.  68 
96.  62 
81.71 
82 .18  
41. 51 

83.77 
73. 30 
65.76 
61. 21 
24.71 

235.46 
128. 69 
226.  18 
179.84 

62.76 

111.  53 
88.91 
27.  05 
82.70 
39.  63 

88.20 
68.70 
72.  05 
63.  60 
24.07 
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12 

10 

8 

Q, 
0 

2 

BODY STATION FOR  FIRST  STAGE IN.) 

Figure 42. - Vehicle  Shear  Force Due to Aerodynamic 
Loading  During Entry 
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Figure 43. - Vehicle Bending  Moments h e  to Aerodynamic Forcer Only 



loading  and  the  inertial  loading  distributions  complement  one  another  for  the 
vehicle  to  be  in  balance.   Therefore,   the  result ing  net   shear  force  during 
reent ry   for   s tage   one  is given i n  f igure 44, with  the  corresponding  bending 
moment   in   f igure 45. 

There  are   other   design  condi t ions  to   be  considered.   These  resul t   f rom 
the  boost  ascent  phase of the  trajectory.   Based  upon  the  trajectory  analysis 
and  the  vehicle  design  parameters  used  in  the  vehicle  synthesis,   the  bending 
moment  and axial loads  were  evaluated  for   the  f i rs t   s tage.   There  were  three 
flight  conditions  considered:  prelaunch  at  takeoff,  maximum  dynamic  pres- 
sure,   and  end  boost of f i r s t   s tage   (maximum  acce lera t ion) .   These   loads  
throughout  the  vehicle  length  are  plotted i n  f igures  46 and  47.  Although  the 
bending  moment  during  entry ( f i g .  46) is of the  same  magni tude  as   prelaunch 
for  the  center  portion of the  fuselage,  the  axial  load  during  entry  is  consider- 
ably  smaller.   The  maximum  loading  intensity  during  reentry  for  the I .  3 x 10 
pound  vehicle  is  given by 

6 

N - -- 66832 + 25 x lo6  
Xmax  nD lTD2 

4 

where D = diameter  of 260 inches 

Therefore  N = 552 lb/ in .  
Xmax 

This  load  intensity is less  than  one-quarter  of  the  maximum  design  load 
intensity  during  boost  ascent.   Therefore,  if the  load-carrying  s t ructure   dues 
not  get  too  hot,  and  the  effective  stress  and  modulus  allowables  arc  not 
reduced  to   one-quarter  of their   room  temperature  values,   then  the  load- 
carrying  s t ructural   s iz ing  wil l  not  be determined by the  entry  load  intensit ies.  
The  only  effect  that  the  entry  of  these  stages  have on the  s t ructural   design i s  
to  influence  the  thermal  environment of the  material ,   select   the  type of 
mater ia l ,   and  dictate   the  insulat ion  requirements ,  i f  r equi red .  

During  ascent   the  f i rs t -s tage  propel lant   tanks  are   par t ia l ly   f i l led,   and 
the  iner t ia   effects  of the  propellant  contribute  as a hydrostat ic   pressure  to  
the  total   design  pressures  for  the  tanks  and  bulkheads.  A p r e s s u r e   m a t r i x  
for  the  six  vehicles  is  given i n  table 7.  
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Figure.,44. - Vehicle Net Shear Force During  Entry 
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Figure 4 5 .  - Vehicle Maximum Bending Moments During Entry Trajectory 
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Figure 47. - Axial Load for 1.3  x 106-Pound Vehicle 
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TABLE 7. - BASE-POINT VEHICLE  DESIGN PRESSURE MATRIX (PSI) 
~~ ~ 

~ " 
~~~~ 

~~~ ". ~~ ~~ ~ 
~ _= 

1. 3 x lo6 lb  - n e a r - t e r m  I 
Aft  tank 

. Forward   t ank  
Aft  bulkhead 
Forward   bu lkhead  
Aft   tank  forward  bulkhead 
Forward   t ank  aft bulkhead 

SP 

~. 

1. 3 x 106 lb - future  ISp 
Aft  tank 
Forward   tank  
Aft  bulkhead 
Forward  bulkhead 
Aft  tank  forward  bulkhead 
Forward   tank  aft bulkhead 

. ~ _  " " . . .  ~. 

1. 9 x l o6  lb - n e a r - t e r m  I 
Aft  tank 
Forward   t ank  
Aft  bulkhead 
Forward  bulkhead 
Aft  tank  forward  bulkhead 
Forward   tank  aft bulkhead 

SP 

~" . - - .  . ~~- 

1. 9 x 1 O6 lb - future  Isp 
Aft  tank 
Forward   tank  
Aft  bulkhead 
Forward  bulkhead 
Aft tank  forward  bulkhead 
Forward   tank  aft bulkhead 
"~ ~ "" -_ - .  " ~- 

2 .  5 x l o6  lb - n e a r - t e r m  I 
Aft  tank 
For   ward   t ank  
Aft  bulkhead 
Forward  bulkhead 
Aft  tank  forward  bulkhead 
Forward   tank  aft bulkhead 

SP 

~ ~ . .  ~ ~. 

2. 5 x 10  lb - future  Isp 6 

Aft  tank 
Forward   tank  
Aft  bulkhead 
Forward  bulkhead 
Aft  tank  forward  bulkhead 
Forward   t ank  aft bulkhead 

. . .~ 

~~ 

Pre launch  

6 . 3  
7.6 

6 .  8 
8. 3 

6 . 4  
7 .  8 

. . ." ." 

8. 0 
9 . 7  

7 .  5 
9.1 

Max Qa 

39 .0  
39.0 
45. 8 
39 .0  
39 .0  
43.  8 

_ _ ~  

39 .0  
39 .0  
45 .5  
39 .0  
3 9 . 0  
43 .6  

_____ 

3 9 . 0  
3 9 . 0  
46. 9 
39.0 
3 9 . 0  
4 4 . 6  

~~ 

39.0 
39.0 
4 6 . 6  
3 9 . 0  
3 9 . 0  
44. 3 

~~ 

39. 0 
39.0 
4 7 . 4  
39 .0  
39.0 
44. 9 

. . . . - " . 

39 .0  
39 .0  
47.1 
39 .0  
39 .0  
44. 7 

End  Boost 

39.0 
39.0 

39 .0  
39 .0  

39.0 
39.0 

39.0 
3 9 . 0  

39.0 
39 .0  

39.0 
39 .0  

39.0 
39. 0 

3 9 . 0  
3 9 . 0  

39.0 
39.0 

39. 0 
39.0 

- 

39.0 
39.0 

39 .0  
3 9 . 0  

- 
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Design  Load  Intensity 

The  fol lowing  s t rength  cr i ter ia   were  used  to   analyze  the  shel l   s t ructures  
for   mater ia l   fa i lure :  

A t ens i l e   s t r e s s   r e su l t i ng   f rom  u l t ima te   p re s su re   l oads   and /o r   i ne r t i a  
loads  will   not  exceed  the  tensile  ult imate  stress,  Ft , of the   mater ia l .  
If the  iner t ia   loads  are   added  to   the  tensi le   s t resses:   u l t imate   iner t ia  
loads   a re   used .   L imi t   iner t ia   loads   a re   used  i f  the   iner t ia   loads  are  
subt rac ted   f rom  the   t ens i le   s t resses :  

where  t is  the  equivalent  shell  longitudinal  extensional  thickness. 

A t ens i le   s t ress   caused  by y ie ld   p ressure   and/or   l imi t   iner t ia   loads   wi l l  not 
exceed  the  tensile  yield  stress,   FtyJ of the   mater ia l .  If the  iner t ia   loads  are  
added  to   the  tensi le   s t resses ,   y ie ld   iner t ia   loads  are   used.   Limit   iner t ia  
loads  are   used  when  the  iner t ia   loads  are   subtracted  f rom  the  tensi le   s t ress . :  

A compress ive   s t ress   resu l t ing   f rom  u l t imate   iner t ia   loads   and   pressure   wi l l  
not  exceed  the  allowable  compressive  strength, FCU, of  the  material .  If the 
p re s su re   i s   added   t o   t he   . compress ive   s t r e s ses ,   u l t ima te   p re s su re   i s   u sed .  
Minimum  pressure  is used  when  the  pressure is subtracted  from  the  com- 
p r e s s i v e   s t r e s s e s :  . 

or   for   co l laps ing   pressures ,  

1 BM AL 
C ' T[(T 2 ~ r R  2 

t - t E) FSU 
U 

A compressive  s t ress   resul t ing '   f rom  yield  iner t ia   loads  and  pressure  wil l   not  
exceed  the  yield  compressive  strength,  Fc , of the   mater ia l .  If the   p ressure  

Y 
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- 

is added  to   the  compressive  s t resses ,   y ie ld   pressure is used.  Minimum 
p r e s s u r e  is used  when  the  pressure is subtracted 
stresses: 

Fc 2 '[ (7+%) BM  FSY - 
Y f rrR 21rR 

f rom  the   compress ive  

pM'NR1 2 

The  ult imate  compressive  load  intensity matrix for  the  six  vehicles is 
given  in  table 8 for   thre .e   phases  of thee boost  trajectory.   Values  of  maximum 
N /R  quoted  in  table 8 are   cor rec ted   for   h igh   tempera ture  at end  boost  by  the 
changes  in   the  mater ia ls   modulus  with  temperature  
X 

NX 
ERoom  Temp = Nx 

eq  End  Boost  EEnd  Boost  Temp 

Table 8 now represents  the  design  compressive  loading  intensity  matrix  for 
the  s t ructural   components  of the  recoverable first s t a g e s .   P r e s s u r e   r e q u i r e -  
ments   f rom  tab le  7 wil l   d ic ta te   the  s t rength  requirements   for   the  pressurized 
shells  and  select  the  allowable  skin  thickness  due  to  hoop  tension  for  the 
various  components.  
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TABLE 8. - VEHICLE DESIGN LOAD INTENSITIES 

4818.  30.1095 
11 73. 23.0188 
4640.  28.  9969 

847. 15. 1681 
42 14. 26. 3395 
41 39. 25.8704 
4049.  25.3037 
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DESIGN SYNTHESIS 

Thermal  Evaluation 

The  additional  design  environment  encountered  during  the  entry  trajec- 
tory  will   have  an  effect   on  the  structural   design of the  major  shell   components 
of the  first-stage  fuselage.  Heating  profiles  for  the  three  entry  vehicles  were 
shown  in  the  previous  section,  and  the  heating  rates  were  applied  to  typical 
construction  concepts  to  determine  the  transient  thermal  response  and  the 
maximum  tenpera ture   tha t   the   load-car ry ing   mater ia l   exper iences .   Dur ing  
these   h igh-hea t ing   ra tes   there   a l so   a re   assoc ia ted   dece lera t ion   loads .   The  
maximum  temperature  condition  does  not  necessarily  coincide  with  the  maxi- 
mum external  loading.  For  this  study, it was  assumed  to be  coincident;  this 
does  not  impose a. design  condition  that is too  severe.   The  maximum  equiva- 
lent  axial   load  intensity is only 500 lb/ in .  , which is considerably  below  the 
boost  ascent  design  loads.  

For  the  external  structural   concept,   two  types of designs  are   considered:  

1.  Hot  structure - The  load-carrying  s t ructure   is   fabr icated  f rom 
super  al loys,   and  the  skin  material  is thick  enough  to  absorb  the 
heat  f lux  and  only  heats  the  structure to  acceptable  design  levels.  

2. Insulated  conventional  materials - The  pr imary  s t ructure   wil l   be  
conventional  materials  (aluminum),  which  are  protected by an  outer  
insulat ion  layer  \\Tit11 the  back-face  temperature  kept  at   approximately 
300 "F. 

A numerical   procedure  was  adopted  to  handle  the  transient  temperature 
dis t r ibut ion  in   the  mater ia l   s ta te   and  the  insulat ion  layers .  A t ransient   one-  
dimensional   temperature   dis t r ibut ion  model   was  used  for  a composite  slab,  
insulated at the  back  face,   and  subjected  to  thermal  radiation  at   the  other  face.  
The  slab was assumed  to  be  initially  at a uniform  temperature.   The  one- 
dimensional  model belolv has   three  different   types of elements:   (1)  an  internal 
element,  ( 2 )  interface  element  between  two  materials,  and ( 3 )  exter ior   sur face  
element.  
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A computer   program  was  generated  to   handle   these  t ransient   condi t ions 
for the  large  famil ies  of fuselage  mater ia ls   and  construct ions.  

The  energy  transferred  into a n  arbi t rary  internal   e lement   a t   any  instant  
of t ime  is   g iven by 

 energy out = 0. 

where 

k = the  thermal  conductance of the  mater ia l  

t = the   temperature  at the  midpoint of the  nth  element 
n 

6 = character is t ic   dimension of the  element 

The  change  in  the  energy  stored i n  the  element  is  given by 

2 (t; - t ) 
C energy  s tored = P 6  (1)C 

n 
A0 
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wile r e  

p = the   mater ia l ' s   densi ty  

C = the   mater ia l ' s   spec i f ic   hea t  

A 9  = t ime  increment  

tl = t empera ture  of the  midpoint  at  the  end of the  t ime  interval  
n 

The  conservation  of  the  system%  energy  requires  that   the 

x energy  into  the  system + C energy  out of the 

sys tem = the  change  in  internal  energy of the  system 

Therefore  

o r  

where 

Consequently,  the  temperature  at  point n at  the  end of the  t ime  interval A9, 
is   determined  f rom  the  ini t ia l   temperatures   a t   points  n - 1 ,  n ,  and n t  1 .  
When the  maximum  value of 0 is  substituted  in  the  above  equation,  it   reduces 
to 

1 1  
= -  ( t  + t  1 tn 2 n-1 n t  1 

The  surface  temperature,   to,   is   found  in a s imilar   manner .   The  energy 
t r ans fe r r ed   i n to   t he   f i r s t   e l emen t  is 

x energy   in  = q t k- 6 ( 1 )  
net 6 - t )  

0 
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2 energy  out = 0 

whe  re  

‘net 
is  net  heat  flux  into  the  element 

- 
‘net - ‘in -qradiated 

The  change  in’energy  s tored  in   the  f i rs t   e lement  is  given  by 

2 
PC 6 ( 1 )  0 0 

( t ’  - t ) 

2 A 9  
c s tored  = 

energy 

where 

tl i s   the   sur face   t empera ture   a t   the   end  of the A 0  t ime  interval 
0 

By using  the  conservation of energy  law we  obtain 

P C b  
o 2 A 8  

2 

‘net 
+ k ( t l  - t ) =- (tl - t ) 

0 0  

o r  

where 

The   t empera tu re   d i s t r ib~~ t ion   a t   t he   i n t e r f aces  of the  composite  material  i s  
based on the  assumption of negligible  heat  resistance.   Then  the  heat  capacity 
of the  interface  e lement   is   determined by  using a weighted  average of heat  
capaci t ies  of the  mater ia l  o n  each  side of the  interface  ( ref .  5).  The 
result ing  equation  is  
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where - 

L = t th  layer  of 
- 
k = the  average 

CP = the  average 

m a t e r i a l  

thermal   conductances of the  two  materials 

volumetric  specific  heat of the ma te r i a l s  

A range of supcr  al loys  with  no  external  insulation  was  considered  for the 
various  s ize   vehicles   and  several   d i f ferent   thermal   s ta t ions  a , round  the 
fuselage.   The  init ial   condition  of  the  structure  at   separation  will   influence 
the  thermal   his tory.   Figure  48  considers   the  s t ructure   being  e i ther   a t  
room  tcmperature   or   300"F,   the  temperature   that   var ious  components  of the 
vehicle  will   reach  at   maximum  acceleration of end  boost.   The  material   used 
was  titanium  and  aluminum  with  the  heat  flux  experienced  by  the 1.  3 x l o 6 -  
pound vehicle  at  Station 3 .  Figure  48  shows  that   for  relatively  thin  skins  the 
temperature  follows  the  equilibrium  wall   temperature  during  the  high  heat 
f lux  per iod  i r respect ive of the  assumed  init ial   conditions.   For  the  thick 
section, 0. 320-inch,  there  st i l l  i s  a difference  a t   the   maximum  temperature ,  
but   then  the  temperature   r ise  is  fairly  small   for  both  start ing  conditions.  
S ince   the   mater ia l   t cmpera ture   i s  a function of i ts   heat   capaci ty ,   the .   s t ruc-  
tural   designs  were  t reated  as   an  equivalent   skin  thickness ,   except   for   the 
honeycomb  whcre  only  the  outer  skin  thickness  was  taken  for  the  heat  sink. 
This  al lowed  the  back-face  temperature  estimates  to  be  evaluated  for a s e r i e s  
of equivalent  skin  thicknesses  irrespective  of  the  type of construction.  The 
second  effect   considered  was  that   the  material   heat  sink  capabili ty  changes 
the  surface  temperature   his tory.   Figure 49 shows  the  relative  temperatures 
for  the  Rene' 41 mater ia l   for  a range of thicknesses  for  the  1-3 x 106-pound 
vehicle  at   thermal  station 3 .  

To find  the  differcnce of thc  position  along  the  fuselage,  point 4 was  evaluated 
and  the  results  shown in Figure  49. The  resul t ing  temperature  is slightly 
lower  and,  therefore,   for  the  design  conditions  i t   was  considered  that   the 
maximum  heating,  point 3 ,  would  be  applied  to  the  whole of the  fuselage. 
Heating  rates  for  the  largest   vehicle,  2. 5 x 10 6 pounds,   appeared to be 
different  than  the  small   vchicle,   and  the  variation of the  temperature   his tor ies  
between  the  two  vehicles is  shown  in  Figure 50 for   two  mater ia ls .   Figure 51 
shows  that  the  choice of mater ia l   as   the  heat   s ink  a lso  has  a noticeable 
difference on the  maxinlunl  at tainable  temperature.  
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The  program  was   run   for  a l a r g e   s e r i e s  of mater ia l s   and   mater ia l  
thicknesses   for   both  the  large  vehicle ,  2. 5 x 10 6 pounds  and  the  small 
vehicle,  1. 3 x 106  pounds.   Maximum  temperatures  at tained  by  thc  primary 
s t ructure   were  def ined  and  are   the  mater ia l   design  temperature- l imits   for  
the  s t ructural   synthesis   s tudy.   These  maximum  surface  temperatures   for  
the  various  equivalent  skin  thicknesses  are  shown  in  Figure 52 .  Therefore ,  
for  any  allowable  design  temperature  there  must  be a minimum  skin  thick- 
ness  associated  with  the  construction  to  act   as  the  required  heat  sink.  These 
curves  show  the  surface  temperature  ranging  from  1000"R  to  1450"R,  but do 
not   necessar i ly   imply  that   the   pr imary  mater ia l   should  be  subjected  to   these 
tempera tures .  An example  is   the  thinner  aluminum  skins  at   640°F  where 
the  s t rength  propert ies   are   only 20 percent   room  temperature   values .   Other  
problems  might  a,r ise  with  the  surface  f inishes  and  oxidation  at   the  higher 
tempera ture   l eve ls .  

The  insulated  pr imary  s t ructure   concept   was  assumed  to   be  an a1.u- 
minum  skin  with a layer of microquartz   insulat ion on the  f ront   face.   For  the 
thermal  model;   the  insulation  was  treated  as 20 elements  with a 10-element 
structure  behind  the  insulation. With  the  low  heat  spike  considered  lor  the 
recovery  staging  conditions,   i t   was  found  that   the  back-face  temperature  r ise 
could  be  kept  to  less  than  100°F  with a minimum  insulation  thickness of 
0. 125  inch.  Figure  53  shows  the  thermal  profile  through  the  insulation 
thickness  and how the  profile  varies  throughout  the  entry  trajcctory.   Maxi- 
mum  tempera ture  of 1500"R  was  developed  on  the  outer  surface of the 
insulation.  To  retain  this  insulation  concept  for  the  primary  structure,   an 
outer  heat  shield of thin  super   a l loys  is   required  together   with  the  support  
structure  through  the  insulation. 

This  outer  heat  shield  was  not  considered  in  the  thermal  analysis of 
the  insulation,  but  it  will in  fact   reduce  the  heat  input  to  the  insulation. 
According  to  Figure  52,   for a thin  uninsulated  sheet of Rene '  41 the  maximum 
temperature  would  be  about  1500 "R for  an  equivalent  skin  thickness of 
0.  020 inch. 

The  outer   heat   shield  is   not   pr imary  load-carrying,   but   i t   must   with-  
stand  the  aerodynamic  forces  during  ascent  and  reentry.   The  shield  would 
have  to  be a l ight  skin-stiffened  construction. A single-face  corrugated 
sandwich  with 0.  010-inch  skins   is   suff ic ient   to   take  the  normal   pressure  and 
would  weigh  approximately 0. 85 lb / f t2 .   Insu la ted   suppor ts   for   th i s   hea t   sh ie ld  
could  be  designed  for  about 0. 25 pound each  and  spaced  at   one  foot  apart .  
The  total   weight  for  the 0.  125-inch  insulation  material   plus  the  supports  and 
hea t   sh ie ld   a re   assessed   a t  1 .  5 lb/ft2;   this  additional  weight  penalty  was 
accounted  for  with  all  the  insulated  concepts  considered.  Although  the  thermal 
evaluation  shown  in  Figure 5 3  considered  only  one  type  of  load-carrying 
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material ,   the   resul ts   shown  are   appl icable   to   a l l   mater ia ls   because a 
negligible  amount of heat  will pass  through  the  insulation  and  the  back  face 
tempera ture   does   no t   r i se .  

The rma l   S t r e s ses  

Although  the  maximum-load  intensity  during  entry  is   fairly  small ,   less 
than 500 lb / in . ,   the ' ther 'mal   s t resses   induced   in   the   p r imary   s t ruc ture   could  
be  significant.  The  insulated  concepts  where  the  back-face  temperature 
does  not  r ise  present  no  significant  thermal  stress  problems  to  the  primary 
s t ructuee.  With  the  hot  structure,  super  alloys,  etc. , t he   p r imary   s t ruc tu re  
will  be  subjected  to a tempera ture   r i se   and  a t empera ture   g rad ien t   across  
the   s t ruc tura l   e lements .   The   tempera ture   r i se  will expand  the  fuselage  shell 
both  circumferentially  and  longitudinally.  The  latter  expansion  can  be 
designed  to  be  practically  unrestrained  and  thus  reduce  the  thermal  stresses.  
The  temperature  gradient  throug'h  the  structure wi l l  produce  significant 
t h e r m a l   s t r e s s e s  i f  the  section  elements  are  constrained.  Honeycomb  sand- 
wich  with its thin  skins  separated by a one-  to  two-inch  core  appears  to be the 
worst   design  concept   for   the  thermal   s t ress   problem.  For   the  thermal   s t ress  
analysis,   the  model  assumes  that   the two sk ins   a r e   a t  a uniform  but  different 
temperature .   The  sandwich  construct ion  is   t reated  as  a beam  with  tempera- 
tures   TI   and  T2  above  the  datum on the  top  and  bottom  surfaces,  respectively. 
A general   solut ion  is   g iven  for   the  s t resses   and  redundant   forces   in   the  sand-  
wich  beam  in   terms of its  geometry  and  end  fixity. 

The  geometry  property  for  the  sandwich  is  

When the  sandwich  skin's   temperatures  are  changed  from  the  datum  temp- 
erature ,   the   unrestrained  deformations  are   represented  by 

W '  = change  in  rotation 
(curvature)  due  to 

of cross   sect ion  per   uni t   d is tance 
thermal  loading 

w '  = Q 1 T 1 - a 2 T 2  
h 

- 1  

F = axial   strain  at   elastic  centroid  due  to  thermal  loading 

E A 6 T + E2A2Q2T2 
- I  1 1 1  1 
E =  

E1 A1 + =,A, L L  L L .  
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and  the   thermal   s t resses  

Let 

E 2A2 

E lA1  
e =- 

and 

ff2T 2 

then 

It can  be  shown  that  the  general  solution  for  the  sandwich  beam  (ref. 6 ) 
i s  given by: 

L M 

and 

-E ff T 
6 =  2 

1 t a e  1 - a  

t 1  
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whcrc  KF is thc  axial   st iffness of the  end  support  and KM is the  rotational 
st iffness of the  end  support. 

For   the  typical   fuselage  shel l ,   the   res t ra int   model   can  be  considered  as   one 
cnd  fully  fixed  with  the  other  allowed  longitudinal  extension  but  restrained 
from  any  rotational  deflection.  The  rotational  restraint  of the  sandwich  skin 
is  assumed,  since  the  double  skin  panels  have  fairly  r igid  edge  members 
joining  the  skin. 

Thercforc ,   res t ra in ts   a re   assumed  to   be   as   fo l lows:  

KF 
= O  a n d K  = m 

M 

which will resu l t   in   thermal   s t resses   equiva len t   to  

l t e  I '  

tF 

Thcrmal   s t resses   for   the  shel l   components   were  developed  f rom  the  above 
formula.   Thc  back-face  temperature  for the  honeycomb  was  considered  to 
be  760"R  whilc  the  front-face  temperature is dependent  upon  the  skin  thick- 
ness  (fig. 5 2 ) .  It  was  assumed  that  the  honeycomb  core  was a hea t   ba r r i e r  
and  did  not  allow  the  back-face  skin  to  absorb  heat  from  the  front  face. 
This   l a rge   t empera ture   d i i fc rence   resu l t ing   f rom  th i s   assumpt ion  will give 
la rger   thermal   s t resses   and   hence  a more  severe  design  environment.  
Figures  54  and 55  show  the   thermal   s t resses   as  a function of the  facing  sheet 
thicknesscs   for   the  assumed  thermal   gradient   for   the 1 .  3 and 2. 5 x 106-pound 
vehicle.  For  the  thin  skin  honeycomb  sandwich  designs  where  there  is  only 
manufacturing  skin  thickness  l imitations,   the  thermal  stresses  are  greater 
than 60 000 psi  and  will  become a design  problem. If the  external   surface 
tempera tures   a re   cons idcrcd   to   be   l ess   than  1250"R the   thermal   s t resses  
plus  the  axial   compression  due  to  deceleration  are  well   within  the  material  
concept  design  allowables  and  will  not  present a major   problem. With 
thick-skin  aluminum  shects  without  the  microquartz  protection  system,  the 
t h e r m a l   s t r c s s   l e v e l s   a r c  too severe .  
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Structural   Synthesis  

During  Phase I of this  contract ,   the  portion of t he   p rog ram  tha t   desc r ibes  
the  s t ructural   components   was  separated  f rom  the  parametr ic   synthesis   sec-  
t ion.   This   permit ted  the  s t ructural   components   to   be  analyzed  individual ly  
without  associating  any of the structural   components  with a par t icular   launch 
vehicle.   In  addition,  the  assessment of the  effects of the  substitution of 
different  types of materials, cons t ruc t ions ,   manufac tur ing   l imi ta t ions ,   o r  
analyt ical   methods  on  the  s t ructural   components   could  be  obtained  by  an  inde-  
pendent   exercise  of the  design  synthesis   subrout ines .   The  s t ructural   com- 
ponents  considered  were  defined  by a range of diameters ,   lengths ,   mechanical  
loads,   and  thermal   environments   representat ive of those  associated  with  the 
basepoint  vehicle  systems  for  the  recoverable first s tages .   The  design  syn-  
thesis   determines  the  resul tant   uni t   shel l   weights   for   the  ent i re   spectrum of 
radi i ,   mechanical   loads,   and  thermal   environments .  

In  the  f inal   assessment of the  program,  the  unit   shell   weights  obtained 
by the   design  synthesis   subrout ines   are   correlated  with  var ious  components  
of specific  launch  vehicles.  A design  envelope  was  specified  for  each of these 
components   as  a function  of  the  vehicle's  flight  trajectory.  One  element of the 
design  envelope  for   an  unpressurized  shel l   may  be a t empera tu re   spec t rum 
which  var ie .s   f rom  room  temperature   during  prelaunch  condi t ions  to  300°F  
with  maximum  loading  intensity  at   end  boost  and  to 1000°F during  entry  with a 
low  load  intensity. In addition,  various  components of the  vehicle 's   stage  may 
be  subjected  to  maximum  loading  conditions at prelaunch,   a t   the   maximum q 
condition, o r  at end  boost. To evaluate  the  complete  design  spectrum,  the 
structural   design  synthesis  was  conducted  for a range of loading  intensit ies,  
cylindrical   diameters,   and  thermal  environments.   The  primary  temperatures 
cons idered   were   room  tempera ture   (pre launch) ,   c ryogenic   t empera ture ,   and  
the  external   temperature   associated  with  the  end  boost   condi t ion.   Entry  maxi-  
mum  temperatures   were  handled by considering  the  equivalent  skin  heat  sink 
and its associated  thickness  as being  an  additional  design  constraint   to  control 
the  temperature  of the   p r imary   s t ruc ture .  

The  tensile  loading  intensity  to  which a s t ructural   component  is sub- 
j ec t ed   r e su l t s   f rom a combination of requirements .   The  maximum  tensi le  
loads  for   some  port ions of the   p rope l lan ts   t anks   resu l t   f rom  the   u l lage   requi re -  
ments  for  the  engine  system  and  the  associated  bending  moment of a par t icu lar  
f l ight  condition.  This  pressure  determines  the  minimum  required  skin  thick- 
ness   for   the   s t ruc tura l   component .   The   maximum  compress ive   loading  
intensity  dictates  the  required  st iffness of the  structural   component.   The 
maximum compressive  s t ress   is   determined  by  the  axial   accelerat ion  and  the 
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maxinlum  bending  moment if the  shell  is unpressurized.  A nominal  relief 
pressure  reduces  the  compressive  loading  intensi t ies   for   pressurized  com- 
ponents .   The  re l ief   pressure  consis ts  of. the  ground  a tmospheric   pressure 
and a nominal   dif ferent ia l   pressure,   which is sufficient  to  prevent  propellant 
boiloff. 

Various  safety  factors   are   appl ied  to  all these  loading  conditions.   For 
convenience,   the  relative  magnitudes of these  safety  factors   are   es tabl ished 

'external   to   the  subrout ines .   This   permits   considerat ion  in   the  design  synthe-  
sis subroutines of only  an  ul t imate   tensi le   or   compressive  loading  intensi ty .  
In this  study,  the  ultimate  and  limit  factors of sa fe ty   a re  1. 4 and  1. 1, 
respectively.  

Nunlerous  alterations of the  s t ructural   design of a component  must  be 
considered  to  evaluate  effectively  the  significance of technological  advances. 
These  include  replacing  materials  to  evaluate  increases  in  material   al lowables;  
for  example,   making  replacements  to  increase  the  compressive  yield  strength 
and  the  ult imate  tensile  strength of the  various  baseline  materials.  In addition, 
significant  weight  reductions  may  be  obtained by replacing  base-point  configu- 
ration  and  material   with a different  type of construct ion,   mater ia l ,  o r  both. 

Many of the  present  minimum  weight  design  analysis  studies  tend  to 
consider  absolute  minimum  weight  for  single,  simple  loading  conditions. 
These  studies  do  not  take  into  account  restrictions  and  limitations  that  can 
be  inlposed  upon  the  design  philosophy  to  obtain  realistic  design  concepts. 
Also,   for  practical   component  design,  various  load  conditions  make up  the 
overall   design  load  environmental   envelope. One flight  regime  loading  will 
help  formulate  the  design  cri teria  for a specific  element of the  s t ructure ,  
while  other  f l ight  regimes  might  dictate  design of the  remaining  elements,  

If consideration is given  to  absolute  minimum  weight  concepts,  the 
result ing  configurations  may  not  be  realist ic  because of overlapping  stiffen- 
ers ,   too  thin  mater ia l   for   skin  and  s t i f fener   e lements ,   impract ical   height- to-  
thickness  relationships,   etc.   To  obtain  realist ic  optimum  design  concepts,  
the  automated  computer  program  for  the  design  synthesis  studies  must  consider 
the  st iffness  and  stabil i ty  cri teria  in  depth.   These  design  synthesis  subrou- 
t ines   a re   capable  of considering  several   different  types of stabil i ty  analysis 
with  design  sections in both  elastic  and  plastic  regimes.   Classical   buckling 
analysis  for  both  small   and  large  deflections  can  be  considered  for  the  theo- 
retical  minimum  weights,  but  these  buckling  conditions  have  to  be  adjusted by 
selection of appropriate   correct ion  factors   which  are   based  on  experimental  
data.  The  design  concepts  attained  in  this  study  were  not  results  obtained 
from  completely  theoret ical   s tabi l i ty   analysis .   These  resul ts   ref lect  



experience  gained  f rom  experimental   and test development   programs.  A 
detai led  descr ipt ion of these   s t ruc tura l   synthes is   p rograms is  given  in  the 
Users Manual-Volume 2 of th i s   repor t .  

The  unit   shell   weights  for  the  various  concepts  and  materials  for a range 
of des ign   parameters   have   been   summar ized   in   th i s   sec t ion .   Pr in touts   f rom 
the   computer   p rograms  for   the  test cases   cqnta in   s ign i f icant ly   more   da ta   than  
shell  weights. In fact, the  print   formats  spell   out  in  detail  a complete  descrip- 
tion of the  individual   s t ructural   e lements   with  their   th icknesses ,   lengths ,   and 
pitches,   sufficient  information  for  the  preliminary  design.  The  number of 
tes t   cases   that   were  synthesized  are   indicated by table 9. An indication of 
the  e lemental   detai l   for   the  var ious  s t ructural   concepts  is shown  in  table 10. 

TABLE 9 . - TEST CASES  SYNTHESIZED FOR 
FUSELAGE  STRUCTURAL  SHELLS 

r - .  ~ 

Parameter Number Range 
". ~ ~. 

Shell  component 
Vehicle  size 
Mater ia l  
Construction 
Tempera ture  

I Forward  to   af t   skir t  
1. 3 to 2 .  5 x 10 pounds 6 

I 1OOO"R to  1300"R 
I I I 

The  mater ia l s   cons idered   for   the   fuse lage   cons t ruc t ion   were   a luminum 
with  microquartz  insulation,  t i tanium,  Renk  41,  and  Inconel.   Since  the  shells 
a re   subjec t   to   d i f fe ren t   des ign   tempera tures ,   the   mater ia l   p roper t ies '   changes  
wi th   t empera ture   var ia t ion   were   requi red   for   the   synthes is   p rograms  and   a re  
shown  in  figures 56 through 59. These   p rope r t i e s   a r e   r ep resen ta t ive  of 
avai lable   grades of material. 

One effective  method of reducing  the  weight of s t ructural   components  is 
to   improve   the   mater ia l   p roper t ies  by  a l loying  current   mater ia ls .   Present-day 
al loy  systems  which  have  performed  wel l   in   space  s t ructures   are   expected  to  
be   used   for   the   next   f i f teen   years ,   o r   more .   Dur ing   th i s   per iod ,   the i r   des ign  
p rope r t i e s  are expected  to   improve  s ignif icant ly .   The  mater ia l   property 
improvements  involved  the  consideration  that   the  magnitudes of both  the  com- 
press ive   y ie ld   and   tens i le   s t ress   l eve ls   were   cor respondingly   increased ,   bu t  
the  shape of the   s t ress   s t ra in   curve   was   invar ian t   wi th   on ly  a shift  in  magni- 
tude.  Since no detailed  knowledge of these   advanced   mater ia l s  is obtainable 
and, at bes t ,   mos t  of these  advances  are   postulated,   the   plast ic i ty   factor  is 
assumed  to   be  ident ical   to   that   for   the  parent   mater ia l .   When  these  new 
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TABLE 10. - STRUCTURAL DESIGN DETAUS 

S K I N   T H I C K N E S S   M I N I M U M  OF 0.148 I N C H  

T I T 4 N I U q  300 D E G R F F S  1 30 - R   A D 1   U S   H 4 T   S F C T I O N   S T R I N C F R  

4 4 D I l l f   N X   N X / R   S K I  N S T R I N G E R   S T R I N G E R   S T R I N G E R   F R 4 M E   F R A M E   U N I T  ur 
f L R . / I N l   ( P S I  I T H I C K N E S S  AREA S P A C I N G   H E I G H T   4 R E A   P I T C H  fLB/SO F l l  

13P. ?@SA. 23.523  3.148  6.57  34.77 5 .16  3.64 ,11.0 1.42 
0.60 11.0 1 e 3 3  
0.66  12.9  1.41 9.51 36.66 5.03 

5.12 l ? C .  2920.  22.462 0.148 
1.39. 26?4.  20.031  0.148 

0 .51  31.89 

S N N  T H I C K N E S S  MINIMUM OF 0.102 I N C H  - HAT  SECTION 

e bfl1US NX N X / R  . S K I N  S T R I N G E R   S T R I N G E R   q T R I N C E R   F R A Y F   F R A M E  UNIT UT 
fL@/INl ( P S I 1   T H I C K N F S S   A R E A   S P I C I N G   H E I G H T   A R E A   P I T C H  f L R / S O  F T I  

13P. 
29?Q. 22.462 
3n5a. 23.523  q.102  9.33 7 .O 1.08 O.h6 25.99 4 - 0 6  

130. 
2bn4.  20.031 

0.162 n.48  8.6 1.55 0 .51  41.93  4.04 
13n. 9. LO2 0.42 8.n 1.36 0.52 36.00 3.92 

SKIN  TYICKNESS  MINIMUM OF 0.148 I N C H  

T I T A N I l l V  360 DEGREES 130 R A D I U S  I S E C T I O N  STRINGER 

R 4 C I U S  NX W X I R  S K I  Y S T R I N G E R   S T R I N G E R   S T R I N G E R   F R A M F   F R A M E   U N I T  WT 
f l B / I N l  f P S I  t T H I C K N E S S  A R F A   S P I C I N G   H E I G H T   A R F A  P f l C H  ( L B / S O   F T I  

13”. 305  8. 23.523  “148 0.30 6.5 ’ 1.43 
11c. 2920.  22.462  0.37  9.0 

9 - 6 1  30.90 I?. 159 
4.77 

130. 26C4.  20.031 ,7.14A 0.34 9.0 1.59 0 . 5 2  36.01 
1.72 0.52  39.69 4.75  

4.64 

S K I N   T H I C K N E S S  MINIMUM OF 0.102 I N C H  - Z S E C T I O N  

0 4 C l U S  NX Nn/P S K I N   S T R I N G E R   S T R I N G E R   S T R I N G E R   F R A M E   F R A M F   U N I T  UT 
f L B l l i 4 l  t P S I   T H I C K N E S S   A R E  A SP 4C I NG H F   I G H T   4 R E 4   P I T C H  ( L R I S O  F T I  

139. 3 9 5 4 .  23.523 0; 132  0.20 5 .O 1.34  0.60  31.15 
2920.  22.462 

3.73 
130. 0.102 0.19 5.0 1.30 0 .60  3 0 . 1 1  3.71 
13Q.  26P4. 20.031  E.192 (1.23 5.0 1.34 9 - 5 5  32.01  3.67 

SKIN THICKNESS MINIMUM OF O . l ’ ’ Q  T N Y  - INTEGRAL 

T I T A N I U M  390 D E G R F E S  130 R A D I U S   I N T E G R A L   S T R I N G E R  

3 A r! 111s N X   N X / R   S K I N   S T R I N G E R   S T R I N G E R   S T R I N G E R   F R A M E   F R 4 Y E   U N I r  UT 
f L 9 / l N l  I P S 1  I T H I C K N E S S  4 R F A   S P A C I N G   H E I G H T   A R E A   P I l C H  f L R / S O  FI) 

13C. 
13F.  3058.  23.523 0.14R 

2970.  22.462  0.148 
6 - 2 4  8 .O 1.99 0.54 39.7@ a.43  

130. 26@4.  23.031 0.149 
9.24 8 .O 2.01 6 . 5 2   4 0 . 5 1  
0.25 9.0 2.07  0.48  42.23 4.33 

4. *2 
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TABLE 10. - STRUCTURAL  DESIGN  DETAILS (Continued) 

MINIMUM S K I N   T I I I C K N E S S  OF 0.075 INCH 

1 I T A N I U Y  300  l 7 F G R E F S  130 RADI IJS  HQNFYCOME SANOWICH 

Pr(nILJS NX NX /R S K I N  C’YRE C n R E  DENS U N I T  WT 
( L . B / I N )  ( P S I  I H E I G H T   ( L R / C U   F T )   ( L R / S Q   F T I  

1 3 0 .  3 0 5 8 .  23.523 0.075 q .54  2.00c 3.55 
130. 2 9 2 0 .  22.462 0.075 9 - 5 2  2. OOC 3 .54  
13C. 2 6C4. 7O.r)31 0 .975  0 .49  2.009 3.54 

MINIMUM SI(TN THICKNESS OF 0.103 INCH - HONEYCOMB 

RAD I US NX N X / R  S K I N  C.3RE CORE DENS U N I T  WT 
f L R / I N )  (P51) H E I G H T   ( L B / C U  F T )  ( L B / S Q   F T I  

1 w. 3 3 5 8 .  23.523 0.103 0.45 ?a ooc 4. R4 
1 3 c .  2 9 2 0 .  22.462 0 .103  3 .44  2.00’) 4.83 
13‘. 2 634 20 .031  0 . l C 3  c .40 2 . 000 4.83 

MINIMUM S K I N   T H I C K N E S S  OF 0.055 I N C H  - HONEYCOMB 

R A D I U S   N X  N X  /R S K I N  CnRF C O R E  DENS U N I T  U T  
( . L B / I N )  (PSI) H E I G H T  ( L H / C U  F T I  ( L R / S Q  F T I  

1 3 0 .  3058 .  23.523 0 . 0 5 5  0.68 2.3’)@ 2.64 
1 3 @ .  2 9 2 0 .  22.462 fl .055 0.65 2.000 2.64 
1 3 0 .  2 6 0 4 .  20.031 0 . 0 5 5  0.60 2.030 2.63 

MINIMUM S K I N   T H I C K N E S S  OF 0.148 I N C H  - WAFFLE 

T I T I N I U Y  3n0 D E G Q E E S  1 3 0  RADIUS  WAFFLE 

R a n 1  us NX  NX/R S K I  h( WEB WAFFLE  WAFFLE UNIT U T  
f L R / l  N) ( P S I  1 HFICHT S P A C I N G  ( L B / S Q  F T )  

133. 305 8. 23.523 0.149 0.853 1.72 7 .74  3.94 
130.  2970.  22.462 9.149 0.051 1.70 7.96 3 e 9 2  
13C. 7 614. 20.031 3.149 0.047 1 .65  8 . 3 9  3 .A4 
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materials have  been  developed  and  their   properties  sufficiently  defined,  they 
can  again  be  exercised  through  the  design  synthesis   programs  to   obtain  fur ther  
detailed  information  for  design  concepts  that   uti l ize all the  additional,   more 
exact values of the  new material propert ies .  

For   the  design  synthesis   port ion,   only  improvements   in   the  physical  
s t rength  and  s t i f fness   propert ies  of the material are  considered.  The  effect  
of  the  manufacturing  difficulties , fabrication  l imitations,   cost   considerations,  
e tc . ,   a re   cons idered   and   d i scussed   in   o ther   sec t ions  of this   report   where  the 
var ious  s t ructural   components   and  types of nlater ia ls  a re  associated  with 
specific  vehicles  in  the  assessment  evaluation.  The  design  sl-nthesis  assumes 
that  any of the  mater ia ls   discussed  and  used  in   the  s t ructural   evaluat ion  wil l  
be  readily  attainable  and  will   have  the  desired  and  required  fabrication  proper- 
t ies  from  which  to  produce  the  components.   Also,   i t   is   assumed  that   these 
mater ia ls   can  be  welded  and  joined  to   form  the  s t ructural   components   under  
discussion.  Manufacturing  difficult ies  are  discussed in the  assessment   port ion 
of this  study  where  the  relative  manufacturing  complesity  factors are  covered. 

The mater ia l   improvements   a re   expressed  as  a percentage  increase of 
a nominal  compression  yield  and  in  tensile  ult imate  strength of cu r ren t   ma te -  
r i a l s .  The  shape of the  s t ress-s t ra in   diagram  for   the  plast ic i ty   considerat ions 
for  advanced  alloy  materials  is   assumed  to  be  identical   to  that  of the  current  
material .   The  plasticity  curve of the  mater ia l   i s   expressed  mathematical ly  
for  inclusion  in  the  computer  subroutines  to  provide  access  to  the  plasticity 
correct ion  factors   for   the  \ .ar ious  mater ia ls .   Design  synthesis   analyses   to  
evaluate  minimum  weight  for  the  structural   conlponents  lnust   consider 
ma te r i a l s  in the  elastic  and  plastic  ranges. 

The  \ -ar ious  s t ructural   design  synthesis   programs  were  exercised  to  
define  the  minimum  practical  shell  unit  weight  for  the  nlajor  components of 
the  fuselage.   These  included  unpressurized  shells  (crew  compartment,   inter-  
s tage,   and  af t   skir t )   and  pressurized  shel ls   ( forward  tankwell   and aft tankwall). 
The  types of construction  that   were  considered  were 

1.  Skin - s t r inger  - ring 

a.  Top-hat  section  stringer 

b. Z -  sect ion  s t r inger  

c .   Integral   s t r inger  

2 .  Honeycomb  sand\\-ich 
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3. Waffle g r id   pa t t e rn  

4. Double  wall  and  multiwall 

For   the   des igns   where   min imum  sk in   th icknesses   were   cont ro l led  by 

I 

available  sheet  thickness,   some of the  resulting  lightweight  designs  evolved 
were  for  0.020-inch  skins  for  honeycomb  sandwich  to  0.115-inch  for  integral  
s t r inger   design.  When the   sk ins   a re   too   th in ,   there  is  a very   smal l   hea t   s ink  
capaci ty;   th is   wil l   resul t   in   the  average  skin  temperature   being  extremely 
high.  With  double  wall  designs  the  large  thermal  gradient  will  produce  large 
thermal   s t resses .   To   cons ider   the   thermal   e f fec ts  of reent ry ,  a s e r i e s  of 
predetermined  skin  thicknesses   were  suppl ied  to   the  synthesis   'program. 
From the  previous  secti ,on,   the  maximum  skin  temperature  attained  during 
the  entry  conditions  was  influenced by the  equivalent  skin  thickness  for  the 
hot   s t ruc tures .   Therefore ,   for  a range of operat ingrtemperatures  of 1300'R 
to  1000"R, a range of minimu.m  skin  thicknesses  for  Rene'41,  titanium,  and 
Inconel are  defined  in  table  11. 

Typica l   resu l t s   for   severa l  of these  constructions  applied  to  the 
unpressur ized   she l l   fo r   the   smal l   vehic le ,  1. 3 x 106-poundsY  are  shown  in 
tab le   12 .  

TABLE  11. MINIMUM  SKIN THICKNESSES  FOR 
TEMPERATURE  CONTROL 

~ ~~ _ _  

Tempera ture  

Mater ia l  1300 "R 1200 "R 1100"R  1000 "R 

Ren;  41 0 .038   0 .054  0.080 0.  132 
Titanium  0.054 0 . 0 7 5  0.102 0 .  148 
Inconel  0.044  0.064 0 .  112 

- - 

When these  minimum  allowable  skin  thicknesses a re  imposed on the 
s t ructural   design,   the   resul t ing  configurat ion  is   adjusted  to   seek a minimum 
weight  within  this  additional  restriction.  Therefore,  with  the  stiffened  skin 
des igns ,   the   s t r inger   a rea  is reduced;  but  more  noticeably  the  str inger-pitch 
is increased   in   some  cases  up to  11  inches.  Even at this  large  pitch  the  skin 
is  thick  enough  and.the  stress  level  low  enough  to  preclude  panel  instabil i ty.  
The  machine  program  automatical ly   searches  for   the  best   p i tch  for   the 
minimum  weight  design. 

98 



ALUMIFJUM 3CO D E G R E E S   1 3 0   R A D I U S   I N T E G R A L   S T R I N G E R  

130.  3 C 5 E  1 ' 3 . 5 2 3  c .115  0 . 2 3  5.c 2.C3 0 -69 3 5.75 2.6C 
1 70 . 2920. 2 2 . 4 6 2  0.113 0 .22  5.0 1.98 0 . 6 8  35.2'7 2 .54  
i ? O .  2CO4 20.031 c .  110 0.20 5.0 1.93 0.63 3 6 . 3 7  2.4 1 

ALLMINUM 3CO DEGREES- 130 RADIUS  HONEYCCHI? SANDWICH 

PAOIUS NX NX/R SKIN C C R E  CCRE CENS UNIT WT 
.- .. . . !LB'!N.) ( P S I  1 HEIGHT "" ". (Lc/cu  " .  F T I  t ~ e / , s a  F T )  

130 3 0 5 0 .  2 3 . 5 2 3  C.037 1.66 2 .000  1 . 3 4  
130. i 9 2 0 .  22 .462  0.035 1.66  2.000 1.29 
130- i 6 0 4 .  20.031 C.031 1.70 2.000 1. 18 



A comple t e   a r r ay  of uni t   shel l   weights   for   the  four   mater ia ls   and  three 
vehicles are  shown  in  tables 13 through 16 .  Table 1 3  for  the  aluminum  design 
includes  the  weight  penalty  assessed  for  the  insulation. As discussed   in   the  
previous  section  the  insulation,  heat  shield  and  standoff  cl ips  were  considered 
to  be  about  1. 5 lb / f t2 .  

F igu res  60 through 62 show  the  effect   that   entry  temperature  l imitations 
have  on  the  minimum  weights  design  considerations.  When  there is no imposed 
t empera tu re  limits, the  honeycomb  construction is much  l ighter  for  al l   the 
materials  considered.  This  result   agrees  with-the  f indings of Phase  I of the 
contract   for  aluminum,  t i tanium,  and  beryll ium.  With  the  additional  require- 
ment   for   the  s tage  recovery,   there   is  a minimum  al lowable  temperature   skin 
thickness   which  great ly   affects   the  uni t   weight .   For   the  lower  temperatures  
of 1000"  and  1100" R and  using  super  al loys,   the  core  depth  required 
for   s tab i l i ty   i s   a t  a minimum so that  the  major  portion of the  weight  is  con- 
tr ibuted  by  the  two  facing  sheets.   For  the  design  synthesis,   i t   was  assumed 
that  the  facings  were of equal  thicknesses  and  the  minimum  core  depth  st i l l  
acted  as   an  insulated  barr ier   producing  appreciable   thermal   gradient   and 
s t r e s s e s .  In  a detailed  analysis,   which  considers  the  thermal  conductivity of 
the  honeycomb  core,  reflection  between  the  two  face  sheets  would  perhaps 
bring  the  temperature  levels  down  and  allow  thinner  skins.   This  detailed 
thermal   ana lys i s  of the  final  honeycomb  design  sections  was  not  conducted  for 
this  phase of the  study. 

The  double  wall  and  multiwall  types of construct ion  discussed i n  Phase  I1 
of the   cont rac t   were   cons idered   for   the   fuse lage   she l l s .   These   concepts   a l l  
suffer  the  same  weight  penalt ies  as  the  honeycomb  concept  when  temperature 
l imitat ions  are   imposed on the   p r imary   s t ruc ture .  In fact  the  double-wall 
concepts  are  not  competit ive  with  the  simple  skin  str inger  concepts  for  any 
vehicle   component   when  temperatures   are   to   be  less   than 1200"R. 

For   Re& 41 designs,  the  minimum  unit  shell  weight  for  the  boost  loading 
will  provide a heat  sink  to  constrain  the  maximum  temperature  below 1100 OR. 
All  the  skin-stringer  concepts  average  out  at  5- 1 / 2  lb / sq   f t   and   have   sk in  
thicknesses  of about 0 .080 inch.  Waffle-type  construction  is  found  to  be  the 
l ightest   design  throughout  the  temperature  range;  this  is   different  from  the 
a luminum  des igns   where   the   s t r inger   sec t ions   a re  20 percent   l ighter .   This  
waffle  effect of the  l ightest   design  was  also  exhibited by titanium  and  Inconel 
with a 20 percent   weight   reduct ion  f rom  the  top-hat   s t r inger   concept   when 
tempera ture  is r e s t r i c t ed  at 1000"R to a 10 percent  reduction  at   1100 "R and 
about  equal  with no temperature   res t r ic t ion.   These  reduct ions  were  the  same 
for   the  three  vehicle   s izes   and all the  fuselage  shell   components.  

" ." . 
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TABLE  13. - UNIT SHELL WEIGHTS (LB /SQ FT)  FOR 
INSULATED ALUMINUM  DESIGNS 

r Construction  Type 

Vehicle 

Load 
Intensity 
(lb/in. ) 

Z -Section 
Stringer 

Integral 
Stringer 

Honeycomb 
Sandwich 

Waffle 
Pat tern 

Top-Hat 
Stringer 

1 .3  x 10 6 pounds 

Crew  compartment 
Center  section 
Aft skirt  
Forward  tankwall 
Aft tankwall 

1.9 x 10 6 pounds 

Crew  compartment 
Center  section 
Aft skirt  
Forward  tankwall 
Aft tankwall 

3058 
2920 
2604 
240  1 
1541 

2.84 
2.79 
2.68 
2.99 
2.94 

3.80 
3.75 
3.64 
3.93 
3.72 

4. 16 
4.10 
3.98 
3. 84 
3.56 

4.10 
4.04 
3.91 
3.74 
3.40 

4.53 
4.46 
4.29 
4.01 
3.65 

4. 00 
3. 94 
3. 80 
3. 65 
3. 24 

4. 53 
4.46 
4. 29 
4. 14 
3.73 

3. 16 
3 . 1 0  
2.97 
3.10 
3.00 

3867 
3 699 
3296 
2 949 
1884 

4.53 
4.47 
4.  32 
4. 04 
3.69 

4. 18 
4.12 
3.98 
4.19 
3.84 

4.60 
4.51 
4.31 
4.62 
4.33 

2.5 x 106  pounds 

Crew  compartment 
Center  section 
Aft skir t  
Forward  tankwall 
Aft tankwall 

4776 
4563 
4070 
3664 
2346 

4.  92 
4.84 
4.  65 
4.41 
4.11 

4.98 
4.89 
4.67 
4.35 
3.98 

3.49 
3.42 
3.25 
3.37 
3.  30 

5.00 
4. 91 
4. 72 
4.45 
3.85 

Note: Unit weights  include 1.  5 lb/ft2  for  insulation  and  heat  shield. 



TABLE 14. -UNIT  SHELL WEIGHTS (LB/SQ FT) FOR RENE'41 DESIGNS 
AT VARIOUS TEMPERATURES 

r y  Tempera ture  ( O R  

1100 
Maximum  En, 

1000 
N o  Tempera ture   Res t ra in t  

(Minimum  Weight) t - 
W 

- 
W 

- 
Z 

- 
H - 

6.98 
6.98 
6.97 
6.98 
6.98 

- 
W - 

4.31 
4.24 
4.10 
3.80 
3.30 

5.25 
5.10 
4.85 
4.48 
3.62 

6.00 
5.89 
5.55 
5.16 

- 
n - 

4. 35 
4. 30 
4. 13  
4. 13  
3.88 

4.89 
4. 81 
4.59 
4.34 
3.98 

- 
n - 

5.81 
5.  80 
5.79 
5.69 
5.54 

5. 91 
5. 90 
5.89 
5.84 
5.78 

6. 13 
6.10 
5.96 

Vehicle 

1.3 x l o6  pounds 

Crew  compartment  
Center  section 
Aft sk i r t  
Forward  tankwall  
Aft tankwall 

1.9 x 1 O6 pounds 

Crew  compartment  
Center  section 
Aft sk i r t  
Forward  tankwall  
Aft tankwall 

2.5 x 10 6 pounds 

Crew  compartment  
Center  section 
Aft sk i r t  
Forward  tankwall  
Aft tankwall 

n H n z  

7.82 

7.58 
7.17  7.70 
7.21 7.80 
7.25 

6.80 7.26 
7.06 

8.24 
8. 22 

7. 60 

7.97 
7.52 8.09 
7. 57 

7.04  7.58 
7.37 

8.62 

' 7.79 8.39 
~ 7.92 8.55 
~ 7.95 

8.29 
I 7.26 7.85 

7.65 

H 

4.35 
4.30 
4. 13 
3.93 
3.36 

5.11 
5.03 
4.81 
4. 61 
3.91 

4 -82  
4.74 
4.54 
4.34 
3.68 

1.50 
1.44 
1.31 
1.66 
1.62 

4.26 
4.17 
3.93 
3.70 
2.96 

6.92 
6.84 
6.80 
6.71 
6.57 

11.2 
11.2 
11.2 
11.2 
11.2 

6.05 
6. 03 
6.00 
5.91 
5. 94 4 . 7 4 !  3.33 
I I 

i 
c 

CI 
0 
N 

6.34 
6.28 
6. 18 
6.06 
5.92 

4.89 
4.81 
4.59 
4.34 
3.68 

5.73 
5. 63 
5. 39 
5.09 
4.31 

5.43 
5.34 
5.10 
4.80 
4.05 
- 

1.87 
1.80 
1.64 
1.92 
1.87 

5.15 
5.04 
4.75 
4.40 
3.52 

7.22 
7.12 
7.06 
6.94 
6.69 

11.2 
11.2 
11.2 
11.2 
11.2 

4.77 
4. 77 
4.76 
4.73 
4. 71 
- 

6.99 
6.99 
6.99 
6.99 
6.99 

7.01 
7.01 
7.00 

3.41 
3.41 
3.40 
3.37 
3.34 

3.45 
3.44 
3.43 

I 1 
i 
-l- 

6.01 ~ 2.27  5.91 
5.90 I 2.18 1 5.78 

t 

5.94  6.98 

t 
I 

5.39 
5.30 
5.05 
4.78 
4.01 

6.29 
6. 18 

7.42 
7.38 
7.32 
7.16 
6.85 - 

11.2 
11.2 
11.2 
11.2 
11.2 

6.63 
6.56 
6.41 
6. 27 
6. 01 

5.39 ' 4.79 
5.30 ~ 4.79 
5.05 j 4.78 

I 

i 
4.78  14.75  3.39 
4.21  14.72  3.36 i 

5.91  15.62 ~ 1.98 1 5.46 
5.60  5.30  2.07 ~ 5.07 
4.73 I 4.45 j 2.01 ; 4.06 5.83 1 6.98 1 4.19 

Construction  Legend: 
Jl Top-Hat  Stringers Z Z Section I Integral   Str inger  H Honeycomb  Sandwich W Waffle Pat tern 
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TABLE 15. - UNIT SHELL WEIGHTS (LB/SQ FT) FOR TITANIUM DESIGNS 
AT VARIOUS TEMPERATURES 

.r 1' 
1 No Tempera ture   Res t ra in t  

(Minimum  Weight) 
Ent ry   Tempera ture  (OR) 

1100 
Maximu m 

-r 1200 1 1300 1000 

H(W 
" 

~ 

6.98  3.94 
6.98,  3.92 
6.98  3.84 
6.98 1 3.72 
6.98  3.60 
L 

" 

H I  H n' z j 1 1  H 1 w n - 

5.16 
5 ,.I 2 
5.03 
4.87 
4.62 

Z - 

4.77 
4.75 
4.64 
4.49 
4.29 

1- - 

4.43 
4.42 
4.33 
4.21 
4.06 

n - 

3.21 
3.15 
3.03 
3.11 
2.87 

Vehicle 

1.3 x l o 6  pounds 

Crew  compartment  
Center  section 
Aft sk i r t  
Forward  tankwall 
Aft tankwall 

1.9 x l o 6  pounds 

Crew  compartment  
Center  section 
Aft sk i r t  
Forward  tankwall 
Aft tankwall 

2.5 x l o 6  pounds 

Crew  compartment  
Center  section 
Aft sk i r t  
Forward  tankwall 
Aft tankwall 

Construction  Legend: 

I 

3.55 I 2.64 
3.54 '  2.64 
3.54 ~ 2.63 

! 

3.11 3 .65 '3 .44  1 .21 '3 .27  
3.05 3.59  3.38 1.17,  3.19 

3.54 ~ 4.84 3.27 
3.48 ~ 4.83  3.19 

4.06  3.73 
4.04  3.71 
3.92  3.67 
3.76'  3.46 
3.54: 3.26 

I- 
I 

4 . 3 6 ~  4. l l  
4.32  4.05 
4.23:  3.88 
3.99 

3.43  3.72 
3.76 

2.93 
2.66 
2.27 

3.44  3.23;  1.08:  3.02 
1.26'  2.67 
1.20  2.14 

3.13,  2.94 
2.65 ' 2.48 

t 

- 

- 

i - 

3.90 
3.84 
3.66 
3.28 
2.75 

1- i .L 

3.95 
3.86 
3.64 
3.18 
2.54 

1.50 
1.45 
1.34 
1.46 
1.39 

4.27 
4.21 
4.11 
3.89 
3.65 

4.00 ,4 .86  3.54 
3.48 
3.32 
2.97 
2.55 

5.48 
5.48 
5.35 
5.12 
4.84 

5.07 
4.99 
4.92 
4. 72 
4.47 

4.69 
4.67 
4.55 
4.39 
4.21 

6.98 
6.98 
6.98 
6.98 
6.98 

3.95 
3.86 
3.64 
3.18 
2.72 

3.64. 3.58 2.69 
2.68 
2.67 
2.67 
2.67 

4.10 
4.03 
3.86 
3.47 
2.93 

3.57 
3.42 
3.33 
3.06 

3.58 
3.57 
3.52 
3.51 

3.93 
3.76 
3.42 
3.20 

4.86 
4.85 
4.82 
4.82 c t T 

1 i I 3.94 
3.86 
3.68 
3.29 
2.81 
- 

4.51 
4.43 
4.24 
3.81 
3.22 

4.33 
4.25 
4.05 
3.63 
3.04 

1.75 
1.70 
1.59 
1.59 
1.50 

4.54 
4.43 
4.18 
3.66 
2.93 

5.72 
5.69 
5.61 
5.33 
5.03 
- 

5.28 
5.26 
5.21 
4.95 
4.63 - 

4.90 
4.82 
4.76 
4.57 
4.32 
- 

7.00 
7.00 
6.99 
6.98 
6.98 - 

4.62 
4.55 
4.38 
4.08 
3.76 
- 

4.56 
4.49 
4.29 
3.63 
3.29 - 

4.88 
4.88 
4.87 
4.83 
4.83 - 

4.54 
4.43 
4.18 
3.66 
3.03 - 

4.03 
3.95 
3.76 
3.54 
3.26 - 

3.62 
3.61 
3.60 
3.54 
3.52 

2.73 
2.72 
2.70 
2.64 
2.60 

4.61 

3.61 3.90 
3.92 4.23 
4.25  4.47 
4.44  4.56 
4.53 

J-L Top-Hat  Stringers Z Z Section 1 Integral   Str ingers  H  Honeycomb  Sandwich W Waffle Pattern 
1 I 

I 

J 



TABLE 16.  -UNIT  SHELL WEIGHT (LB/SQ  FT)  FOR  INCONEL DESIGNS 
AT VARIOUS TEMPERATURES 

Vehicle 

1.3 x 10 6 pounds 

Crew  compartment 
Center  section 
Aft skir t  
Forward  tankwall 
Aft tankwall 

1.9 x l o 6  pounds 

Crew  compartment 
Center  section 
Aft sk i r t  
Forward  tankwall 
Aft tankwall 

2.5 x 10 6 pounds 

Crew  compartment 
Center  section 
Aft sk i r t  
Forward  tankwall 
Aft tankwall 

~~ ~ 

No Temperature   Restraint  
(Minimum  Weight) - 

n - 

4.39 
4.33 
4. 13 
3. 87 
3. 30 

4. 93 
4. 83 
4. 62 
4. 26 
3. 62 

5. 44 
5. 34 
5.09 
4. 68 
3.95 - 

- 
Z - 

5. 15 
5. 06 
4. 84 
4. 51 
3. 84 

5. 77 
5. 67 
5. 42 
5. 00 
4. 22 

6. 34 
6.22 
5. 95 
5. 48 
4. 63 - 

I - 

4.86 
4. 77 
4. 57 
4.26 
3. 61 

5.49 
5.39 
5. 14 
4. 72 
3.98 

6. 08 
5.96 
5. 68 
5.20 
4. 38 - 

H - 

1.76 
1.69 
1.53 
1.76 
1 .69  

2.21 
2.12 
1.92 
2. 04 
1.95 

2.67 
2. 58 
2.33 
2.21 
2.10 - 

- 
W - 

4.31 
4.21 
3.97 
3.63 
2.91 

5.20 
5.09 
4.80 
4.31 
3.44 

5.97 
5.84 
5. 51 
4.96 
3.96 - 

r Maximum  Entrv  TemDerature (OR) 

1 -  
~ 

1000 

n - 

6.99 
6.90 
6.81 
6. 64 
6. 33 

7.39 
7.36 
7.26 
7.01 
6.59 

7. 72 
7.68 
7.54 
7.30 
6.87 

Z - 

6.48 
6.39 
6.32 
6.16 
5.91 

6.81 
6.78 
6.72 
6.49 
6.12 

7.23 
7.19 
6.94 
6.81 
6.35 

1 - 

6. 10 
6.. 0 8 
5. 95 
5. 83 
5. 63 

6. 38 
6. 32 
6. 25 
6.06 
5.79 

6. 69 
6. 65 
6. 55 
6. 31 
5.. 96 - 

- 
H - 

9. 75 
9.. 75 
9. 75 
9. 75 
9. 75 

9.75 
9. 75 
9. 75 
9.75 
9. 75 

9. 76 
9. 76 
9. 76 
9. 75 
9. 75 - 

W - 

5.33 
5. 31 
5. 23 
5. 13 
5.01 

5. 67 
5.61 
5. 48 
5. 31 
5.09 

6.04 
5.97 
5.79 
5.  51 
5. 16 - 

1100 - 
n - 

5.01 
5.01 
4. 97 
4. 77 
4. 52 

5.  27 
5.28 
5.09 
4.87 
4.60 

5.  50 
5.44 
5.40 
5.12 
4. 85 - 

Construction  Legend: 
IL Top-Hat  Stringer Z Z Section I Integral  Stringer H Honeycomb  Sandwich 
\V Waffle Pa t te rn  

- 
H - 

5.60 
5.60 
5.60 
5.60 
5.60 

5.62 
5.62 
5.61 
5.62 
5.62 

5.64 
5.64 
5.63 
5.65 
5.62 - 

I 

1200 - 
H - 

3.89 
3.89 
3.88 
3.93 
3.88 

3.92 
3.92 
3.91 
3.92 
3.89 

3.95 
3.95 
3.93 
3.96 
3.91 - 



LAUNCH VEHICLE WEIGHT - 1.3 X 1 0 6  POUNDS 
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Figure  6 0 .  - Effect of Tempera ture  on Unit  Weight of 
Pressurized  Forward  Tankwall  
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LAUNCH VEHICLE WEIGHT - 1.3 X lo6 POUNDS 
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Figure  61. - Effect  of  Temperature on Unit  Weight of 
Unpressurized  Crew  Compartment  
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LAUNCH VEHICLE WEIGHT - 1.3 X lo6 POUNDS 
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Figure  6 2 .  - Material   Efficiency  With  Temperature 
Restr ic t ions on Crew Compartment 
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For  the  expendable  vehicle design, it was  found that var ious  types 
struction  working at a high stress level  could  benefit   from  improvement 

of con- 
of  the 

material p rope r t i e s .   These   improvemen t s   a r e   exp res sed   a s  a percentage 
i n c r e a s e  of a nominal   compression  yield  and  tensi le  ultimate s t rength  of c u r -  
r en t  materials. The  shape of the   s t ress -s t ra in   d iagram  for   the   p las t ic i ty   con-  
s iderat ions  for   advanced  a l loy materials is assumed  to   be  ident ical   to  that of the 
c u r r e n t  material. The  plast ic i ty   curve of the n a t e r i a l  is expressed  mathematical ly  
for   inclusioninthe  computer   subrout ines   to   provide access to   the   p las t ic i ty   cor -  
rec t ion   fac tors   for   the   var ious   mater ia l s .   Des ign   synthes is   ana lyses   to  

evaluate  minimum  weight  for  the  structural   components  must  consider  materi-  
als in  the  elastic  range  and  plastic  range.  Figure 63 shows  the  weight  reduc- 
t ion  for   the  fuselage  shel ls   for  a range of percentage  improvements  of the 
mater ia ls   compressive  yield.  I t   shows  that   with  aluminum  skin  str inger  being 
used  for   the  unpressurized  shel ls   and a des ign   load ' in tens i ty   l ess   than   5000lb /  
in. ,   the  maximum  weight  reduction of 3 percent   is   achieved  when  the  compres-  
sive  yield is increased  20 percerit .   For  the  recoverable  fuselage,   there  is   an 
additional  shell   weight  for  the  insulation of 1. 5 lb/ft2;   therefore,   the  weight 
reduction  with  material   improvement  is  now only 2 percent.   For  the  hot 
s t ructure   concepts   where  the  skin  thicknesses   are   dictated  by  temperature  
considerations,   the  result ing  structure  unit   weight  is   fairly  heavy,  i .   e .  , the 
des ign   i s   a t  a low  s t ress   level .   Therefore ,   wi th   the  a l lowable  working  s t resses  
below  the  yield  and  ult imate  stresses of the  mater ia l ,   any  improvements   in   the 
mater ia l   s t rength  and  s t i f fness   propert ies   wil l   have a negligible  effect on the 
basic  unit  shell  weight. 

For  the  basic  shell   design  with a honeycomb  construction  with  the  load- , 

car ry ing   s t ruc ture  of less  than  1200"R,  the  material   preference  would  be 
titanium,  Inconel,  and,  finally,  Re&. If the  temperature   has  no constraints  
imposed,   the   mater ia l   ra t ing  is   t i tanium,  best ;   then Rene',  and,  finally,  Inconel. 
With  the  honeycomb  sandwich  designed  for  temperatures  of  less  than  1100 OR, 
the  sandwich  weights  are  heavier  than  the  single  skins  with  stiffener  elements. 
If the  sandwich  temperatures   are   greater   than  1200"R,   the  thermal   s t resses  
a r e  too  high fof the  design  concept .  

With  the  single-sheet  plus  stiffeners,  the  best  weight  ordering of concepts 
is waffle,   integral ,  Z ,  and,   f inal ly ,   top-hat   sect ion  for   any  temperatures   less  
than 1100 OR; a t .  1000 OR al l   the   .designs  are   a t   least  50 percent   l ighter   than 
honeycomb  sandwich. When these  designs  are  optimized  for  the  boost  condi- 
t ion  loads,   the   resul t ing  skin  thicknesses   are   such  that   they  have  suff ic ient  
heat  capacity  to limit the   average   sur face   t empergture   to   l ess   than   1100"R 
without  any  thermal  weight  penalty.  
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If the  heat  sink  capacity of the  hot  structure  could  be  increased  to  bring 
the   sur face   t empera ture  down  without  adding  too  much  weight,  then  honeycomb 
designs  could  be  more  attractive.  A lightweight  non-load  carrying  structure 
with a good  heat  capacity  or a thermal   insulat ion  barr ier   would  a l low  the 
honeycomb  sandwich  to  be  worked  more  efficiently  and  result  in a l ighter 
overall   design. 

With  the  single-skin  designs,  i f  t he re  is a heat   s ink  resul t ing  f rom  the 
cold  propellant  in  contact  with  the  tank  wall,  there  will  be a thermal   gradient  
across   the  s t i f fener   e lement .   This   would  induce  thermal   s t resses   and  defor-  
nlation. If cryogenic   propel lants   are   used,   there   has   to   be  an  insulat ion 
system  to  stop propellant  boiloff  during  ground  hold.   This  cold  temperature 
insulat ion  wil l   act   as  a thermal   bar r ie r   a l so   dur ing   en t ry .   The   load-car ry ing  
s t ructure   considered  as   being  ful ly   insulated  on  the  back  s ide  is  a rea l i s t ic  
model.  

Insulated  aluminum  design  with  the  weight  penalties  assumed  will  be  the 
nlost efficient  structure  weightwise.  The  problem is fabricating  the  heat 
shield,  insulation,  and  standoffs  within  the  suggested  weight  budget.  Cost of 
this   thermal   protect ion  system  might   make  this   concept   uneconomical   compared 
with  thc  hot  structure.  

Asses smen t  

To obtain  conclusive  evidence 2s to  where  and  when  it is advantageous 
to   achieve  mater ia l   property  or   construct ion-type  improvements ,   i t   i s   neces-  
sa ry   to   assess   the   e f fec ts  of these  improvements  on specif ic   s t ructural   com- 
ponents  in  particular  vehicle  systems.  General   conclusions  cannot  be  drawn 
without  citing  ground  rules  and  criteria  for  each  case  in  question. To define 
an  effective  approach  requires a clear  definit ion of the  merit  functions  upon 
which  decisions  are  to  be  based.  Three  merit   functions  have  been  indicated 
in  this  report.  The  nlost  obvious of these is the  weight  reduction  that   arises 
f r o m  a s t ructures   and  mater ia ls   advancement   for   each of the  s t ructural   com- 
ponents  in a particular  vehicle  system.  This  merit   function  gives a c l ea r  
indication of the  weight  savings  that  can  be  directly  obtained  from a s t ruc tura l  
improvement.  

If component  weight  reduction,  per  se,  is  the  only  merit  function  used, 
a true  indication of the  significance of the  weight  reduction  may  not  result. 
Weight  reduction  effects  upon  overall  system  payload  performance,  schedule, 
and  cost   are   the  governing  cr i ter ia   in   the  aerospace  industry.   Component  
weight  reduced  and  payload  (pounds)  gained  can  be  translated  into a s t ruc tu ra l  
cost   index  which  can  assist   in  the  economic  justif ication of a specif ic   mater ia l  
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and  design  for a particular  component.   The  merit   functions  used  during 
Phase  1-component  weight  reductions,  equivalent  payload  performance 
changes,  and  effective  cost  ratios-are  considered  applicable  for  this  phase 
of the  study. An order ing  of these  merit   functions  can  indicate  the  relatjve 
worth.  

Depending  upon  the  circumstances,  management  decisions  can  be  based 
on each of these  merit   function's;   however,   the  objective of this  study  is   to 
indicate  and  demonstrate a method  wherein  these  decisions  uti l ize all three 
merit   functions.   (Weight  reduction,  payload  gain,   and  cost   index  are 
considered as a s e t  of indices  unique  to a component  change  in a par t icular  
vehicle  base  point.  ) Typica l   resu l t s   a re   ind ica ted ,   which   a re   l imi ted   to   th ree  
vehic les   wi th   recoverable   f i r s t   s tages   as   synthes ized   dur ing   Phase  11 and 
defined  in a previous  sect ion of this   report .  

S t ress   ana lys i s   resu l t s   in  a definition of the  basic  shell   requirements,  
while  the  weight of the  component  must  include  complexity  factors  to  assess 
weight   resul t ing  f rom  mater ia l   to lerances,   sect ion  c loseouts ,   jo ining,   fabr i -  
cation  techniques,  etc. In most  standard  construction  types,   where  enough 
his tor ical   data   is   avai lable ,   these  weight   factors   can he a s s e s s e d   a s  a p e r -  
centage  increment  in  component  weight. For  example,  in  the  advancedtitanium 
tankage  parametr ic   s tudy  ( ref .  7 ) ,  weight  complexity  factors of 10 percent  
were  assessed  to   a luminum  and  t i tanium  honeycon~l ,   sandwich  shel ls  for the 
upper  stages of the  vehicle  system.  This  percentage  was  verified by the  Iinal 
ful l -scale   s tage  design.  In the  lower  stage,   this  factor  was  increased  to 
12  percent.   Aluminum  skin-stringer  factors  were 8 percent  for  upper  stages 
and 10 percent  for  lower  stages  while  the  t i tanium  skin-stringer  structure  was 
similar  to  the  sandwich. A survey of the  Saturn V launch  vehicle  weight  data 
confirms  these  assumptions.   Because  detail   design  points  for  superalloy 
s t r u c t u r e s   a r e  not  available  an  estimate  was  included  in  the  parametric  syn- 
thesis   phase of this  study  for  al l   designs.  

The  estimated  cylindrical  shell  weight  complexity  factors  included  in 
the  parametr ic   synthesis   s tep of this  study  are  given  in  table 1 7 .  These 
factors   were  not   int roduced  in   the  s t ructural   design  synthesis   s tudy  and  are  
not  reflected  in  the  basic  shell   data  incorporated  in  that   section;  however,   they 
were   inc luded   in   the   assessment   and   mass   f rac t ion   opera t ions   in   th i s   s tudy .  
These  factors   were  used  in  a s tudy  where  conclusions  are   drawn  f rom  relat ive 
weight  comparisons.  Many  unknowns  can  creep  into  the  weight  picture  during 
the  hardware  design  phases,   which  result   in  increased  weight  complexity.  
However,  in  this  study, it is   assumed  that   these  unknowns  will   influence  each 
construction  type  to  the  same  relative  degree  and  therefore  not  change  the 
basic   comparat ive  conclusions.   Another   meri t   funct ion  is   the   equivalent   pay-  
load  gained  from a structural   component  weight  reduction.  This  can  be 
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thought of as reducing  the  structural   weight  and  on-loading a fract ion of this  
weight  reduction  as  payload  while  retaining  the same overal l   vehicle   perform- 
ance  capability.  The  payload  exchange  ratio  provides  an  expedient  and 
relat ively  accurate   tool   for   predict ing  the  effects   and  assessing  the  effect ive-  
ness of any  design structural/material/construction changes  to  the  fuselage of 
the  prel iminary  base  point   recoverable   s tages .   They  ass is t   in   indicat ing  the 
re la t ive   mer i t s  or pena l t ies   in   t e rms  of payload  performance  and,  hence,   cost  
effectiveness of s t ructural   design  decis ions,   nonopt imunl   designs,   and  l imita-  
t ions  imposed by nlanufacturing  and  fabrication,  etc. 

TABLE 17 .  - WEIGHT COMPLEXITY  FACTORS  (PERCENT) 

Type of Co.nstruction 

Honeycomb 
Mater ia l  Sandwich Waffle Skin  Stringer 

Aluminum 

12 10 10 Steel 
12  12 12 Inconel 
12 12 12 Re ne' 4 1 
14 12 12 Be ryll iunl 
12  12 12 Titanium 
12  10 10 

These  exchange  ratios  were  developed for expendable  vehicle  systems 
during  Phase I of the  study  contract   (ref.  2 ) .  Of part icular   importance is 

the  ratio  due to s tage  s t ructural   weight   changes - , For expendable 

systenls,  the  weight of a s tage  af ter   separat ion is invariant  and  inconsequen- 
t ial .  With  the f i rs t   s tages   being  recovered,   the   addi t ional   s t ructural   weight  
at   burnout  has  to  be  augmented  with  extra  fuel  for  the  f lyback  range  and  larger 
wings,  engines,  landing,gear,  etc.,   for  the  vehicle's  touchdown.  Therefore, 
the  exchange  par t ia l   for   the  recoverable   s tage  s t ructural   weight   change  is   the  
combination o f  two  exchange  partials: 

d"w",9 n 

d W P L  - - d W P L  wST 
dW 

. -  

TF dWST 
dW 

TF 
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where  

WST 
is   the   s t ruc tura l   weight  of the  fuselage 

F 

WST 
is the  stage  weight at end  boost. 

The first ra t io  dW pL/dWsT is concerned  with  the  ascent  boost  phase of the 

t ra jectory  while  dW /dW deals  with  the  entry  and  f lyback.  The  equation 
ST TF 

for  the  total  velocity  gained  at  burnout  can ! J C  expressed  as  follows 

N N 

V =x AVi =x ( A V I ~  - AVgi - AVL, 

i= 1 i= 1 
i 

where 

VI is  the  inlpulsive  velocity 

V is   veloci ty   losses   due  to   gravi ty  g 

and 

VL veloci ty   losses  clue to  atmospheric  effects  and  thrust   misalignments 
a 

Therefore,   the  velocity  losses  can  be  approximated  to  develop a n  expression 
for  the  total  velocity of the  two-stage  vehicle  as 

For  the  f lyback  provision of the  f irst   stage,   the  range  is  a function of the 
vehicle  burnout  condition  and  design  parameters.   Using  the  Breguet  equation, 
the   range   can   be   expressed   as  

C = Specific  fuel  consumption 
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Sincc the burnout  velocity is assumed  constant   the   total   d i f ferent ia l  of the 
vclocity is  zcro and is given  by: 

The  par t ia ls  of  the  above  equation  can  be  evaluated  from  the  terms  in  the 
velocity  equation  and  upon  substitution  results  in: 

The  f irst   exchange  ratio  to  be  developed  is  

It i s   assumed  tha t   wi th  a change in the  stage  burnout  weight,  the  propellant 
weight  and  specific  inlpulse  remain  constant,  therefore 

dW 0 1 = dWSTl + dWPL 

dW = dWpL 
0 2 

dwBCl = dWST 
1 1 + dWPL 

dWBo2 = dWpL 
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Therefore,   the first par t ia l   can  be  represented  by 

d W P L  - d W P L  . 
dWSTl d V  dWSTl 

dV 
- 

+(w) 
aWBo 

- 1 

2 

i= 1 

which  upon  substitution of par t ia l   d i f ferent ia ls   wil l   reduce  to  

where 

dWPL 

dWST 
”_ - - 

1 

W oi 

wBo 
p. = - 

i 

For  the  f lyback  provisions  taking  the  total   differential  of the  range  will 
produce 

where 
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and WSTFB is 

such a s  wings, 
be  defined as 

the  s t ructural   weight   associated  with  the  recovery  features  

flyback  engines,   landing  gear,   etc.   This  recovery  weight  can 

WSTFB 
1 = WST 

where  u is a modif ied  s t ructural   factor   for   the  recovery  system  weights .  It 
is  assumed  that   wi th  a change  in  fuselage  structural   weight,   both  the  f lyback 
propel lan t   weight   and   recovery   sys tem  weights   a re   per turbed  

dWST = dWST 

d W ~ ~ ~ ~  = dWST 
t udW 

F ST 

Substi tuting  these  equations  into  the  second  partial   ratio  will   produce 

dWST 
- 

dR dWST 

aR a R  

aWST 
- t u  

a W ~ ~ ~ ~  
- - 

aR 

where  

and 

aR 1 

a W ~ ~ ~ ~  W~~~~ 
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Therefore ,  on rearranging,   the   par t ia l  is given by 

where 

Combining  these  two  effects,  we  obtain 

dWPL 

dWST 
F 

[(&p)i - 'i] (& -u) 

This  payload  partial  has  been  evaluated  for  the  six-base-point  vehicle 
sys tems.   Recovery   sys tems '   weight   was   assumed  to   cons is t  of the c r e w  
compartment,   wing  and  carry-through,  f lyback  engines  and  their   installa- 
t ions,  wing insulation,  and  landing  gears.  Table 18 shows  the  exchange  par - 
t ials  for  the  base-point  vehicles  and  they  range  from 0 .155  to 0 .179 .  These 
values   are   representat ive of recoverable  stages,   which  have a flyback  range 
capability of 300 naut ical   miles .  If the  flyback  range  is  varied,  the  stored 
propellant  required  will  change.  For  the  condition o f  propellant  weight 
changes  only  and  assuming  that  other  systems'  weight  are  invariant,  the 
result ing  variation of the  exchange  ratios is indicated  in  figure 64.  The  zero- 
range  requirement   assumes  that   the   recovery  s tage  has   wings,   e tc . ,   and  a lso 
flyback  engines,  but  no  propellant.  This  figure  clearly  shows  that  the  neces- 
s i ty  of saving  structural   weight of the  boost  system  components is significant 
for  recoverable  stages.   The  effect  is most  noticeable  with  stages  having a 
large  f lyback  range  requirement .  

A final  merit   function  that  is a  good indicator of any  subsystem  perform- 
ance is its  cost  index.  The  total  cost of a s t ructural   component  is composed 
of several   contributing  factors:   development,   production  (fabrication,  tooling, 
and  equipment),  and  testing  (static  and  flight  vehic1e.s).  For  this  study,  where 
all components  were  compared to  a base-point  design,  i t   was  assumed  that   the 
developn~ent  and  testing  costs  were  identical  for  both  the  improved  component 
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TABLE 18. - BASE-POINT V E H I C L E  PAYLOAD EXCHANGE PARTIALS 

Vehicle gross weight  (pounds) WO 

Performance  fraction v 

1 

1 

I Performance  ratio p 
1 

2nd vehicle  gross weight W 

Performance  fraction v 

O 2  

2 

I Performance  ratio p 
2 

I Specific  impulse I 
SP1 

Specific  impulse I 
sp2 

(+J1 ( P 1  - 1)  

Boost Partial p1 
d W  

I Stage  burnout  weight Wst 

Stage  loaded  weight Wland 

Flyback  performance  ratio p 
fb  

Recovery  system weight Wst fb  

I Structural  fraction 6 

Entry Partial - d Ws t 

Stf 
d Wpl 

stf 

dW 

Total  Partial - 
dW 

Near  term 

1 303  884 

0.63736 

2.75755 

339  268 

0.73757 

3.81053 

.308 

460 

.00041516 

.0038  107 

.09824 

133  492 

118  152 

1.1298 

33 820 

.25335 

.63176 

.1555 

Future 

1 304  285 

0.60104 

2.50651 

389  483 

0.70793 

3.42383 

.340 

500 

.00039272 

.0031116 

. 1 1207 

131  049 

116  040 

1.1293 

32  109 

.24501 

.64049 

.1750 

Near  term 

1 899  760 

0.63736 

2.75755 

499  895 

0.73757 

3.81053 

.308  

460 

.00028494 

,0025862 

.09924 

188  872 

167  164 

1.1299 

47  154 

.24966 

.63537 

,1562 

Future 

1 900  059 

0.60  104 

2.50651 

572  497 

0.70793 

3.42383 

.340 

500 

,00026958 

.0021168 

.11296 

185  590 

164  282 

1. 1297 

46  269 

.24930 

.63589 

,17764 

Near  term 

2  499  486 

0.63736 

2.75755 

663  672 

0.73757 

3.81053 

.308 

460 

.00021657 

. 001  9480 

. 10005 

242  402 

214  522 

1.1230 

61   801 

.25495 

,63552 

,1574 

Future 

2 499  418 

0.60104 

2.50651 

758  624 

0.70793 

3.42383 

.340 

500 

.00020493 

,0015975 

,11370 

238  198 

210  799 

1.1230 

60  729 

.25495 

.63552 

,1789 



G 
Z 

EXCHANGE  RATIO  FOR EXPENDABLE 
STAGES = 0.098 

WPL PAYLOAD  WEIGHT 

WSTF STRUCTURAL  WEIGHT  OF  FIRST-STAGE  FUSELAGE 

* I I I I t 1 I 

1 0 0  200 300 400 500 600 700 800 900 

FLYBACK RANGE  REQUIREMENTS (N ,M.) 

Figure 64. - Exchange Ratios for Recoverable  First  Stage of 1 . 3  x 106-Pound  Vehicle 



and  the  base-point  design;  therefore,   the  only  cost   differences  cons-idered 
between  the  two  structural   components  were  production  costs.   The  cost   f igure 
of m e r i t  is the  cost   difference  between  the  improved  and  base-point  designs 
and  the  relative  payload  gained  and  uses  an  index o f  do l la rs   per  pound i n  o rb i t  
for   the  order ing  effect iveness  

($PRODUCTION ) ADVANCE - ($PRODUCTION 1 BASEPOINT 

( w ~ ~ ~ ~ ~ ~ ~  ) ADVANCE - ( w ~ ~ ~ ~ ~ ~ ~ j  BASEPOINT 
CR = 

The  basic   cost ing  premise  in   the  acrospace  industry for s t ruc tura l   com-  
ponents is that  the  cost  of an  i tem  to  be  buil t   can be determined by an   ana lys i s  
of the  cost  of analogous  i tems  that   have  been  buil t .   However,   when  proposed 
sys tems  d i f fe r   g rea t ly   in   bas ic   vehic le   charac te r i s t ics   (vehic le   s ize ,   weight ,  
type of construction,  etc.  ) diff icul t ies   ar ise   because of a lack of identical 
h i s tor ica l   da ta .  In the   aerospace   indus t ry ,   as  in the  Phase I study,  weight 
has  been  used  as  the  basis  for  cost   estimating.  This  approach  uses  cost-per- 
pound, or   hours-per-pound,   as   the  re la t ionship  between  cost   and  the  s tage 
structural   weight.   Values of cost-per-pound  are  not  constant for'all vehicle 
systems  and  have a scaling  factor  introduced  to  account  for the  re la t ive  s izes  
and  weights of components   ( ref .  8 ) .  

An a r r a y  of complexity  factors  for  fabrication,  was  introduced  into  the 
following  relationship,   these  factors  being  in  agreement  with  those  contained 
in   reference 9 and one shown i n  tab](. 19. 

y = C F  4619 ( X )  -0.322 

where 

y = f i r s t  unit   airframe  cost   in  dollars  per  pound  of  weight  adjusted 
for  complexity 

C F  = total  complexity  factor of s t ructural   component  

X = component  weight 

Added  to  this  cost is the  mater ia l   cost .   Mater ia l   costs   such  as   the  fol lowing 
tend  to  influence  the  cost  ratios  in  favor of the  cheaper   mater ia l :  
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Material  

Aluminum 
Titanium 
Beryllium 
Rene' 
Inconel 

c o s t  
(dollar s / lb)  

0. 9 
30. 0 

200.0 
13.  0 
13. 0 

Also of some  significance is the  experience  (percent  learning)  used  to 
determine  construction  costs.   Cost  dependency is placed  upon  the  number of 
consecutively  produced  production  units  and  the  slope of this  learning  curve.  
Reference 8 defines  the  experience  curve by 

where 

A, R = Constants,  values of which a re   se lec ted   to   express  
appropriately  the  relation  for a specific  situation 

KeXp = Adjustment  factor  based  on  experience 

X = Consecutive  number of a specific  production  unit 

It  has  been  found  that  the  unit  cost  decreases  for  the  experience  curve by 
a constant  factor as the  number of consecutive  production  units is doubled. 
This  constant  factor is referred  to   as   the  "percent   learning,  " (P);  which 
for  this  study  was 85 percent.  The  relationship  between  learning, (PI. 
the  constant B of the  experienc'e  curve  is 

p = 2-B (100) .  

Total   s t ructural   cost   for   the  s t ructural   component  is defined as 

Cost = YXKexp + X $MAT 

whe re 

$MAT = dol la rs   per  pound for material stock 

A digital   program  for  the  costing  was  developed  using  the  preceding 
approach  which  systematically  considered  the  effects  of  numerous  construc- 
t ion  and  material   improvements  on  each  and  every  structural   component  for 
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CI 
N 
N 

Material  

Aluminum 

Titanium 

Rene' 

and 

Inconel 

T 
TABLE 19. - COMPLEXITY  FACTORS 

I Shape  and  Diameter 

Flat 
Construction Plate 

Monocoque  0.9 

Integral   skin  s t r inger   1 .2  

Attached  skin  str inger 1. O* 

Waffle  1.4 

Honey  sandwich  2.8 

Corrugations  3.0 

Double-wall/multiwall  3.4 

Monocoque  1.4 

Integral   skin  str inger  4.2 

Attached  skin  stringer  4.0 

Waffle  4.4 

Honey  sandwich  8.0 

Corrugations  8.4 

Double-wall/multiwall  9.0 
," 

*Base  point 

r 
10 f t  - 
1.0 

1.8 

1.6 

2.0 

3.4 

3.6 

4.0 

1.5 

4.8 

4.6 

5.0 

9.0 

9.4 

10.0 - 

Cylindrical  r 
20 f t  

1.0 

1.6 

1.4 

1.7 

3.2 

3.4 

3.8 

1.4 

4.6 

4.4 

4.7 

8.8 

9.2 

9.8 

- 

- 

- 
10 f t  

1.0 

1 .4  

1.2 

1.5 

3.0 

3.2 

3. 6 

1.3 

4.4 

4.2 

4.5 

8.6 

9.0 

9.6 

- 

- 

- 
io f t  

1.0 

1 .4  

1.2 

1.5 

3.0 

3.2 

3.6 

1.5 

4.4 

4.2 

4.5 

8.6 

9.0 

9.6 

- 

- 

- 
LO f t  

1.1 

2.1 

2.0 

2.2 

4.0 

4.3 

4.6 

1.6 

5.0 

4.8 

5.1 

9.5 

9.8 

10.4 

- 

- 

Conical - 
!O f t  

1.1 

2.0 

1.9 

2.1 

3.9 

4.2 

4.5 

1.6 

4.9 

4.7 

5.0 

9.3 

9.6 

10.2 

- 

- 

- 
30 f t  

1.1 

2.0 

1.8 

2.1 

3.8 

4. 1 

4.4 

1.6 

4.8 

4.6 

4.9 

9.2 

9.4 

10.0 

- 

- 

bo f t  

1 .2  

1 .8  

1 .6 

1.9 

3.6 

4.0 

4.3 

1.7 

4.8 

4.6 

4.9 

9.2 

9.4 

10.0 

- 

- 

t - 
10 f t  

2.8 

6.4 

6.0 

6.. 6 

10.0 

10.2 

10.6 

3.4 

13.2 

- 

13.0 

13.3 

18.0 

18.4 

19.0 - 

Spherical  - 
20 f t  

2.9 

6.8 

6.5 

6.9 

10.4 

10.6 

11.0 

3.5 

13.6 

13.5 

13.7 

18.4 

18.8 

19.4 

- 

- 

- 
30 f t  

3.1 

7.2 

7.0 

7.4 

11.4 

11.6 

12.0 

3.7 

14.0 

14.0 

- 

14. 3 

19.0 

19.2 

19.8 - 

60 f t  

3.5 

8.2 

8.0 

8 .4  

12.4 

12.6 

13.2 

4.1 

15.0 

15.0 

15.2 

20.0 

- 



" 

the  family of base  point   vehicles .   The  cost   meri t   funct ions  are   ident i f ied 
for  the  individual  components,   Each  material   and  structural   change  from 
the  base  point  design was  considered  to  apply  to  the  total  vehicle  simulta- 
neously  for   reasons of computer  time  economy;  however,  this  change  could 
have  reflected a single  component. 

The  component  weight  and  cost  ratio  pr'ogram  developed  during  Phase 1 
of this   s tudy  was  ut i l ized  in   assessing  the  re la t ive  meri ts  of the  various 
designs  and  mater ia ls .   Typical   computer   pr intouts   ( table   21)   show  the 
weight  for  the  base-point  component,  aluminum  integral  skin  stringer,  and 
the  structural   cost   breakdown. It can  be  seen  that   the   mater ia l   cost   for   the 
base  point  is  significant.  This is because  the  type of construct ion  requires  
a thick  bil let  of mater ia l   which is subsequently  milled  out  to  the  required 
shape.  For  the small vehicle  shown,  the  initial  material  thickness  was 
greater   than  two  inches.   This   mater ia l   cost   effect   wi l l   be   extremely  not ice-  
able  for  the  more  expensive  materials  with  waffle  and  integral   skin  str inger 
construction.  Table 21 shows  that  when  the  alternative  design of top-hat 
sect ion  skin  s t r inger  is considered,  the  material   cost   drops  considerably  and 
i s  only  10% of the  fabrication  costs.   For  the  production  fabrication  evalua- 
tion,  the  number  of  units  considered  was 20 a t  a production  rate of 4 a yea r .  
This  allowed  for a fabrication  reduction  due  to  the  learning  proficiency. A 
l i s t  of the  three  merit   functions  associated  with  the  alternative  design i s  
indicated  in   the  las t   array of table 21. This   array  shows  the  changes  f rom 
the  base-point  design  in  terms of weight,  payload,  and  cost  ratio.  The 
relative  effectiveness of the  cost   ratios  are  indicated i n  table  20. 

TABLE 2 0 .  - RELATIVE COST RATIO  EFFECTIVENESS 

Equivalent 
Payload  Change 

Posi t ive 
" - 

Posi t ive 

Negative 

Negative 

Component 
Cost  Change 

. - ~ - ". 

Positive 

Negative 

Posit ive 

Negative 

c o s t  
Ratio 
- 

Positive 

Negative 

Negative 

Posit ive 

Remarks  

Good design,  but  is   i t   worth 
i t .   Cos t   ra t iobe t te r   nearer  
to   zero  value 

Better  design  than  base 
point.   Cost  ratio  better 
when  more  negative.  

Poorer  design  than  base 
point.   Cost  ratio  better 
nearer   to   zero   va lue .  

Does  reduced  cost   warrant  
reduced  payload ? Cost   ra t io  
better  when  more  posit ive.  

123 



TABLE 2 1 .  - COMPUTER  PRINTOUTS FOR COMPONENT 
MERIT  FUNCTIONS 

I 
I N T F R S T A C F  0 .511CF 0 1  

CENTFR S F C T I O N  0.ll-lF C4 
FWO TbNKhALL C.QSc)CF 01 

AFT TANKkALL 0.144OF f13 
AFT S K I R T  0 . 5 l l C E  03  

ALUMINUM 
1300000. POUNIl< 

1NTEGRAL S K I N  STRlPiGFP 
4. 
7. NUWRER OF r r r L s  

NUMBFR OF U N I T S  

5 .  
NX 

I p j  
UNIT UT C C P I  
HASEPPINT  CnFF 
I N l l T F l  

O.3058E 04  7.4100E CI 1 . l h 9 2 C  01 
c . 1 5 4 1 ~  04 0 . 3 7 4 ~ ~  C I  0 . 1 1 1 ~ ~  0 1  
C . ~ W O E  n4 0 . 4 0 4 0 ~  C I  0 . 1 2 0 5 ~  Q I  
0 . 1 5 4 1 ~  04 0.3400~ CI 0 . 1 4 4 6 ~  0 1  
0.2604E 04  0.3910E C 1  0 . 1 2 R I F  0 1  

NOTE-UNIT U T  FOP SHFLLS-TOTAL nT FOR R U L K H E A O S  
I:W~:-IUINT COMTONEN'I' cows 

STICE COCPCNENT WEIGHT FABRICATION  PATERIAL  
COST PER CCST P F R  PEP m r r  

UNI  T 
1 

U N I T  

FUO S K I R T  
IWTERSTACF 3 2 4 4 .  3RR30.  25144 .  

0. 
FlJn  TANKhALL 3 9 R O .  

0. 0. 

CFNTEP  SECTlPN 5 5 0 5 .  
ln5.24. 27372. 
4 2 2 1 9 .  38737. 

AFT TbNKkAL l  
AFT S K I R T  

-?LTERNATE D E S I L ? ~  COMPOPEIENT WEIC.IT 

VEHICLE 13COCOO.  POUNDS 
r ( lTE I1AL   ALUMINUY 
CCNSTRUCTION  HAT  SECTION  SKIN-STRIhGER 
LAUNCH  RATF 4. NUHRER OF U h ' I T S  

Y F A R S  I N  PRflOUCTlON  PUN 
NIJURFR OF TFST  VEPICLES 2. NUWBEQ l lF TCCLS 

5 .  

SrAGE COYPCNENT  APFA NX UNIT UT 
I P I  RASEPOINT 

I 
[NOTE) 

INTFRSTAGE 0.511CE 03 0.3058E 04 0 . 4 1 O O E  C 1  
FWD TANKhALL 0.959CE 0 3  0 .1541E 04 0.374ClF C 1  

bFT TLNKWALL 0.344CE 0 3  0.1541E 04 0.3400E Cl 
AFT S K I R T  0.5110E 0 3  O.2604F 04 O.3910E C 1  

CENTFR SECTION 0 . 1 1 3 1 ~  04 0.2920~ 04 0 . 4 0 4 0 ~  01 

NOTE-UNIT UT Ffl4  SHELL(-TOTAL UT FOR RULKHEAOS 

.-?LTERIIITE  DESISW COI~FOIEIIT COST 

STACF  COCPCNENT 
PEP U N I T  

WEIGHT 

1 
I N T € R S T l t E  
FUO S K I R T  

32R5. 
0. 

FWC TANKkALL 4 1  p 3 .  
CFNTEP  SFCTION 511c. 
AFT TANKhALL  1P51. 
AFT SKIRT 2382. 

FABRICATION 
C O S T  PEQ 

U N I T  

34947.  

26164. 
0. 

361A7.  
11118. 
16R17. 

ALTERI!ATE DESIW COI@O!IEWT MERIT FUNCTIONS 

STAGE  COHPCNENT W E I G H T  DELTA 
PFR '1'411 DOLLARS 

1 
PER u N r r  

INTEISTAGF 3285. 
FHll SKIRT 
FHP  TANKCALL 41R3. 
CFNTEP  SECTION  51 lfl. 

-26539. 
0. n. 

-27801. 
-3$964. 

AFT TANKCALL 
AFT S K I R T  23A2. 

1851.  -1 1561. 
-19164. 

COST PER 
TOTAL 

I l N I T  

64574 .  

5 7 A 9 h .  
0. 

9DQ56. 
24419. 
3117~7. 

20. 
1 .  

PATERI AL 
CCST PER 

U N I T  

W A R .  

3932. 
0. 

4 4 0 4 .  

2239. 
1740. 

LFIGHT 
DELTA 

PER I t N l T  

-259. 

207. 
-395 .  

-177.  
159. 

n. 

cos1 P E R  
TOTAL 

U N I T  

38035. 

30095. 
0. 

40991.  
1 2 R 5 R .  
19056 .  

PAYLnAO 
DELTA 

PFR U N I T  

-0. 
4 0 .  

-31. 
61. 

-25. 
77. 

cnsT 
RAT 1') 

-654. -@. 
-h50. 
SR4. 

- h 9 8 .  
467.  
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For  the  insulated  design  concepts,   the  additional  weight of the   thermal  
protection  system  has  been  included,  but  the  cost  associated  with its fabr ica-  
tion  has  not  been  fully  considered. It is extremely  difficult   to  determine  the 
cost  of such  an  undeveloped  thermal  protection  system,  which is a t   bes t  ill- 
defined  with  regard  to its s t ructural   e lements;   only a simplified  weight  and 
insulat ion  thickness   descr ipt ion  has   been  assessed  in   the  synthesis   evaluat ion.  
Therefore,  all the  a luminum  designs  are   under-evaluated  and  wil l   produce 
favorable  cost   ratios.  

The  effects of s t ruc tura l   re furb ishment  on  the  shell  weight  and  fabrica- 
t ion  costs  have  not  been  considered  in  this  preliminary  evaluation. Also the 
cost   ra t ios   quoted  are   for   the  total   s t ructural   cost   being  amort ized  over   only 
one  flight  payload's  worth;  this  would  be  true  for  an  expendable  vehicle  sys- 
tem.   The  f i rs t   s tages   here   are   supposed  to   be  ful ly   recoverable ,   and  their  
costs  should  include  the  refurbishment  costs.  These  should  be  considered  for 
the  payload  improvement  throughout  the  life of the vehicle.  Therefore,  the 
cost   ratio  should  be  redefined  for  recoverable  vehicles  as  follows: 

'Advance - $  Base  point CR = Payload 
Advance 

- Payload Base  point 

where 

' 'Production + x 'Refurbishment 

Payload = W X n  Pay1 o ad 

n = total  number of flights  per  vehicle. 

Tables 22  through 3 3  show  the  three  types of merit  functions  for  the 
five  structural   components of the  recoverable  stages.   The  merit   functions 
were.  developed  for  both  the  "hot  structure"  and  the  aluminum  concept  with 
an  outer  insulation.  Component  weights  quoted  include  two  types of non- 
optimum  design  factors  added  to  the  basic  shell  unit  weight.  The  first  factor 
is  dependent  on  the  type of construction to account  for  closeouts,  end  fit,  etc. , 
and  the  second  factor  is  dependent  on  the  shell  component.  Insulated  struc- 
tures  were  assumed  to  have a 1 .  5-lb/ft  weight  penalty  for  the  total  thermal 
protection  system. 

2 

The  best   design  in  terms of weight is the  aluminum  honeycomb  sand- 
wich.  Next are  the  top-hat  stringer  and  waffle  construction  which  are  equal 
in  weight  to  the  integral  stiffener  base  point  and,  finally,  the  Z-section 
stiffeners,   which"is  sl ightly  heavier.   Relative  weight  efficiencies of the 
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TABLE 22. -MERIT FUNCTIONS FOR 1 . 3  x ~ O ~ - P O U N D  VEHICLE - 
ALUMINUM PLUS INSULATION 

Weight  (Pounds) 

Base 
Point 

Construction 

Component W H Z n I 

Crew  compartment 

2532 1802 2604  2382 2559 Aft sk i r t  
1641  1503 1771  1851 1691 Aft  tank  wall 
546 8 3907 5587  51  10  5505 Center  section 
3956 3270 4087  41  83 3 980 Forward  tank  wall 
3521  2523 3 596 3285 3 544 

I Equivalent  Payload  Gained  (Pounds) I 
Crew  compartment 

4 118 -7 27 - Aft sk i r t  
8 29 - 12 -25 - Aft  tank  wall 
6 249 -13 61 I -  Center  section 
4 111 - 17  -31 - Forward  tank  wall 
4 159 -8 40 - 

Effective  Cost  Ratio  (Dollars  per  Pound) 

Crew  compartment 

- 345  47 266 1 -698 - Aft sk i r t  
- 74  163 940 46 7 - Aft  tank  wall 

-325  53  3108  -650 - Center  section 
-66 96 1685 884 - Forward  tank  wall 

-491 73 3254 -658 - 



I 

TABLE 2-3. - MERIT FUNCTIONS FOR 1 . 3  x 106-POUND VEHICLE - RENE'41 

Weight  (Pounds) I 
Maximum  Allowable  Entry  Temperature 

No Temperature   Restr ic t ion 
(Minimum  Weight)  1000"R 1200 'R 1100"R 

Component z H H I W ~ Z L H J - L H  

6  383 3  002  4211 3803  6200  4282 4499 5115 5422  6147 9  949 

10  006 15  683 

2  266  3187 2752  4686 3053  3205 3858 4070  4572  7  530  4  778 
1  728 2423 1966 3568 2219  1981 2351 3064  3430  5  725  3  445 
4  733  6637 5967 9774 6637 6980 8049 8519  9578 

7  652 3  664  5184 4509 7633  4746 4996 5408  6521  7338  12  248 
Crew  compartment  
Forward  tank wall 
Center  section 
Aft tank  wall 
Aft sk i r t  

Equivalent  Payload  Gained  (Pounds) 

-119 

Effective  Cost  Ratio  (Dollars  per  Pound) 

- 
-41  3 
-568 
-664 
-292 
-331 - I 

I 
Crew  compartment  
Forward  tank  wall  
Center  section 
Aft tank  wall 
Aft sk i r t  

-148 -115 
-158 -119 
-229 -176 

-101  -77 

I -561 -2716 
-624 -3242 
-595 -2752 
-894 -2068 
-620 -2927 

-40  -148 
-43  -158 
-72  -229 

-30  -101 

-47 1 
-403 
-480 
-348 
-433 - 

Crew  compartment - -2 053 -624  -3242  455  -15 567 -213  -233  -225 Forward  tank  wall  
- -1 844  -561  -2716  382  -5  256  -220  -244  -244  -728  -708  -374 

- -1 875  -620  -2927 359 -9 467 -218  -240  -233  -678  -646  -350 A t t  sk i r t  
- -21 865 -894  -2068  492  3 687 -202  -217  -207  -857  -805  -439 Aft tank  wall 

-1 717  -595  -2752  377  -5  163  -225  -251  -242  -703  -681  -380 Center  section 
-720  -782  -468 

-17  751 
2  456 



TABLE 24. - MERIT FUNCTIONS FOR 1 . 3  x IO~-POUND VEHICLE - TITANIUM 

Weight  (Pounds) I 
I Maximum  Allowable  Entry  Temperature  I 

Center   sect ion 
Aft  tank  wall 
Aft  skirt  2559 

Forward  tank  wall  
Center   sect ion 
Aft  tank  wall 
Aft s k i r t  

No Tempera ture   Res t r ic t ion  
(Minimum  Weight) 

n z l ~ w  
- 
n - 

4543 
5278 
7105 
2341 
3352 

1000"R I 1100"R 

- 
3056 
3499 
4733 
1549 

i 2172 T 4299 2738 
5282 2883 
6763 4233 
2469 1454 
3248 1952 

3153 

2380 

Equivalent  Payload  Gained  (Pounds) I 
125 1 ,"; 1 :[( 3 8 4 1   1 - 7 5 5  
171  119  405  161  -202 
198  81  120  601  155  -249 
84  54  168  -101 
94  41  60  285  79  -123 

J 

-102 
24  171  -202 75 36 -15 -19 -568 -97 -138 
61 125 -117 76 41 -5   2  -413 -61 

-169 85 198 -196 120 56 -16 - 5  -668 -106 
-75 -15 37  -121 22 6  - I6   -26 -292 -60 
-83  28 94 -107 60 8 -8 -7  -332  -55 

Effective  Cost  Ratio  (Dollars  per  Pound) I 
Crew  compar tment  

-858 -611  3233 330  4861 1403  557 Aft sk i r t  
-667  -522  1650 389 3351 671 395 Aft  tank  wall 
-908 -650  3670  341 5230 1562 580 Center  section 
-822 -594 2348  376 4039 974 473 Forward  tank  wall  
-917 -638  3855  343  5327 1500  554 

I I n I I I 1 L -17  928 
-6 808 
-8 741 
-2  762 
-7  596 I -1067 I 2650 6873 

1934 5327 -1520  554 

2339 5230 -1477 
6687 9146 -701  1036 

I 3449 4861 -1263  557 
-5563 

4370 



TABLE 2 5 .  - MERIT  FUNCTIONS FOR 1.3 x 10 -POUND 6 
VEHICLE - INCONEL 

Weight (Pounds) 

I 
No Trmprrature  Restriction 

(Minimum  Weight) 

Maximum  Allowable  Entry  Temperature 
I 
I 

~ Base 
IO00 'R I200 'R 1100'R 

Component  Point H H I H ~  w n z  H n z l  Z w n 
Crew  campartmrnt 3544 3 865 4534 I 4317 1563 1 Forward rank wall 1 3980 1 4 194 1 4888 1 'I;;; 1 1925 
Center  section 5505 6 009 7022 2366 

I Aft skirt 
Aft tank wall I :% I 2 752 I 3225 I 3073 I 1029 I 672 1945  1845  864 

Equivalent Payload Gained (Pounds) 

Crew  compartment 

-183 -236 -78 Center  section 
-333 -105 -141 -33 -261 - I  039 -372 -419 -506 320 -4 -105 -141 -33 Forward tank wall  
-222 -120 -154 -135 -192 -796 -291 -336 -406 308  -49 -120 -154 -50 

488 1 -b9 

-633 -523 -468 

-I88  -80 -104 -117 -154 -224 -224 -257 -308 238 -21 -80 -104 -30 Aft skirt 
-182 -24 -39 3 -139 -512 -185 -203 -236 129  30 -24 -39 3 Aft tank wall 
-363 -183 -236 -225 -310 - I  267 

I4 
-49 
9 

-45 
-8 

Effective  Cost  Ratio (Dollars per Pound) 
~~~~ ~ ~ ~ 

-64 239 -1003 -3661 -1676 -7 I 1 1  -1182 -322 -1064 -564 -473 
-4 685 

-2  904 
-21 448 

-6 775 
51 298 

' 
-1285 -2725 -1406 - I  473 -1369 -368 -1035 -634 -524 -5 219 

12 061 -1373 -2591 -1393 - I  591 -1385 -384 -1011 -638 -528 

-7 861 
-124 -7081 -2288 29 610 -1029 -257 -1022 -446 -383 3 188 
-1143 -2969 -1463 - I  294 -1276 -956 -1031 -590 -493 



TABLE  26. - MERIT FUNCTIONS FOR 1 . 9  x ~ O ~ - P O U N D  
VEHICLE-ALUMINUM P L U S  INSULATION 

Weight  (Pounds) 

B a s e  Construct ion 
Component w H z n Point  t 

C r e w   c o m p a r t m e n t  

3 934 248 0 3584  3584 3864  Aft   skir t  
2181  1735 2044  2205 2096 Aft  tank  wall  
8462 5341 7639 7676 8310  Center  section 
5713 41  63  5204 5678 5434 Forward   t ank   wa l l  
41  58  2613 3750 3 768 4084 

I Equivalent  Payload  Gained  (Pounds) I 

C r e w   c o m p a r t m e n t  

8 -17  Aft  tank  wall 
- 24 464 105 99 Center   sect ion 
- 44 198 36 - 38 Forward   t ank   wa l l  
- 12 227 52.  49 

-11  216  44 44 Af t   sk i r t  
- 13 56 

Effect ive  Cost   Rat io   (Dollars   per   Pound)  

C r e w   c o ~ n p a r t m e n t  

43 100  -1828 857 Aft  tank  wall  
- 74 43  -572 - 605 Center   sec t ion  
-19 75 -1049 979   Fo rward   t ank   wa l l  
-77 62 -569 -601 

I Aft   sk i r t  I 1 -635 I -635 I 43 1 -123 I 
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TABLE 27. - MERIT FUNCTIONS FOR 1.9 X l o 6 -  POUND VEHICLE - RENE 
Weight (pounds) 

Maximum Allowable  Entry  Temperature 
No Temperature   Restr ic t ion 

(Minimum  Weight) 1200 OR 1100'R 1000 OR 
Base  . 

Component H ~ H H  n z l  w I H Z w n  Z H I  n Point 

Crew  compartment 1 4693 6586 - 9  733 - - 8 059 8 514 9  664 15  595 10 171 10  999 6181 6  684 2673 7  024 5989 5434  Forward  tank  wall 
3159 - ! 4418 6  475 - - 5 425 5  925 6  688 10  374 6  977  7  564 4813 5 030 1732 5  260 4489 4084 

Center  section 8310 9126 

3146 4405 - 6  468 ' -  - 5  402 5  770 6  422 i o  364  6  897 7  420 4435  4  719  1518 4  943 4210 3864 Aft sk i r t  
1971 2779 - 4  124 - - 3  380  3  524 3  947 6  608 4  116 4  432 2095 2  389  1106 2 520 2152 2096 Aft tankwall 
6528 9132 - 13  382 - - 11 194 12  130 13  631  21  442 1 4  363 15  596 9735 10  223  3446  10  682 

Equivalent  Payload  Gained  (pounds) 



TABLE 28. - MERIT FUNCTIONS FOR 1 .9  X IO6- POUND 
VEHICLE - TITANIUM 

Crew  compar tment  
F o r w a r d  tank wall 
Center   sect ion 
Aft  tank  wall 
Af t   sk i r t  

~ 

B a s e  
Point 

4084 
5434 
8310 
2096 
3864 

- 

~~~ ~~ ~~ ~~~ ~ ~~ 

No Tempera ture   Res t r ic t ion  Maximum  Allowable  Entry  Temperature 

(Minimum  Weight) 1200"R 11 0O"R lOOOOR 

n z ~ l w n  ~ H H  H Z L  n W I H Z 

3250 

3045  135401  1240  I3387  13398 1 4  907 I 4512 I 6  4591  4  210 I 3  837 I 3  879 I - -  1 1: I 4488 I 3  304 1 1: [ 2471 I 1491  1713  830  1622  1512  2  830  2614  4  118  2  484  2  173  2  175 - -  2838 2 065  1575 
- -  5131  6  854 9304 - -  - -  8  197 8 132 9  553 13  363 9468 10 398 7456  7352 2776 7646 6603 

3718 - -  4  901 6698 - -  - -  5  506 5 465  6  113 9  719 6514 7  066 4468 4567 2033 4789  4099 
2492 - -  3  316  4502 - -  - -  4  002 3 990 4  344  6  465  4654 5 031 3691 3612 1389  3764 

Crew  compar tment  
Forward   tank   wal l  
Center   sec t ion  
Aft tank  wall  
Aft skirt I 

Equivalent  Payload  Gained  (Pounds) 

130 

- 5'8 - -  _ -  -2 4 -54  -405 -161. -163 73 74 410  51  128 

497 - -  227  -155 - -  _ -  18  28 -194  -789 -181. -326 133 150 864  104 267 

249 - -  120  -65 _ -  _ -  13 15  -41 -372 -89. -148 61 74 421 50 
209 268 - -  83 -197 - -  " -11 -5  -106 -669  -169. -255  151  135 531  101 

94 81 - -  5 -116 - -  " -12 -12 -61  -316 -81. -115 91 74 199 60 
a7  218 _ _  

Effective  Cost  Ratio  (Dollars  per  Pound) I 

Center   sect ion 
Aft  tank  wall  
Af t   sk i r t  

4986  3762  -636  -908.  -503  -6  986  -135  089 -12  130 - -  - -  -1455  3  097 - -  889 
6544  6926  -734  -1239.  -618  -5  507  35  693  11  506 - -  - -  -2715 1 678 - -  712 
3557  2152  -558  -747.  -429  -4  682  -20  420  -4  299 - -  - -  -989 21 194 - -  1156 
6049  5977  -691  -1048.  -570  -9  114  113  831  -38  672 - -   - -  -2039 2 053 - -  763 
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TABLE 29. - MERIT FUNCTIONS  FOR 1 . 9  X IO6- POUND 
VEHICLE - INCONEL 

I II 

Base- 
Component  Point 

Center  Section 
Aft  tank wall  
Aft  skirt 

2096  

Weight ( P o u n d s 1  

Maximum Allowable Entry  Temperature 
No Temperature  Rrstrlcl>on 

lblnnirnum W r L c h t l  12OO"R 1100'R 1000'R 

n H H n H I 2 n W 1 H 7. n I V  t l  1 L 

4 526 

4  668 5 116 5 784 9 0 2 2  6  163 6  658 4 481 1777 4 756  4  971 4 237 
2  117 3 030 3 416  5   752 1 578 3 8 5 %  2 048 1150 2 348 2 468 2 117 

10 018 IO 836 I 2  099 I 8  666 I 2  864 I 3  965 ' 2  8 iZ  405') I O  119 10 758  9   I 6 4  
5 879 7  460 8   438 1 3  576  8  956 9 674  6 055  Zn4l 6 572  6  900 5  879 
4 838 5 299  5  909  9  031 6 2 5 1  6   7 8 1  1 860 2047 5 085 5  247 5  206 

5 191 
3 316 

7  505 10 759  
5 4 5 8  7  826 

1 3   631 

2 295 
3 618 

Crew  compartment 
Forward tank wall 

38 
- 3 1  

-207  
-191   -3  

-126   -196  -300 -806  -359  -437  - 9 7  326 - 1 3 9  -173  - 5 8  Aft  skirt 

I26 -383 
-146   -206  -571   -232  - 2 7 5  8 148   -39  -58   -3  Aft tank wall 

- 4  -374 -69  
- 2 6 7  - 3 9 5   - 5 9 2  . I  618  -711  -883 -238  664   -314   -382   . I 33  Center  section 

7 1  -175  - 1 1 8   - 1 9 0   - 2 8 5   - 7 7 3  -339  -422  -121  118 - 1 5 6   - 1 9 0   - 6 9  
- 3 1 6  - 4 6 9  - 1  272 -550  -662   -97   405  - 1 7 8   - 2 2 9  - 6 9  

Effective  Cost  Ratio (Do l lars  p e r  Pound) 

Forward tank wall 
Crew  compartment 

Center  section 
Aft tank wal l  
Aft skirt 



TABLE 30.- MERIT FUNCTION FOR 2 . 5  x ~ O ~ - P O U N D  VEHICLE - 
ALUMINUM  PLUS INSULATION 

Weight   (Pounds)  

B a s e  
1 Poin t  

Cons t ruc t ion  

Component  W H Z n 1 

C r e w   c o m p a r t m e n t  

I 4 931 3426 4 771 442 2 4 791 A f t   s k i r t  
3 117 2696 3 267 3 442 3 1 6 4  Af t   t ank   wal l  

10   518  7392 10 181 9487 10 287 Cen te r   s ec t ion  
7 798  5959 7 589 7950 7 485 F o r w a r d   t a n k   w a l l  
4 636 3265 4 480 41-88 4 534 

+ I. 

"p Equiva len t   Payload   Gained   (Pounds)  i 
~ 

C r e w   c o m p a r t m e n t  

Cen te r   s ec t ion  i 
240 - 16 - 7 3  - F o r w a r d   t a n k   w a l l  

-16 200 9 5 4  - 

- 126  17 

-22  7 l  215  3 58 - Aft   sk i r t  
7 4  - 16 -44 - Aft   tank  wal l  

! -49 - 36 456 

I 
I I 

Effec t ive   Cos t   Ra t io   (Do l l a r s   pe r   Pound)  
I 

C r e w   c o m p a r t m e n t  

- 5a 52  -10  771 - 6 0 4  - Aft   sk i r t  
6 5  119 1 347 497 - Aft   t ank   wal l  

6 ~ 48 -4  660 - 6 1 8  - Cente r   s ec t ion  
- 102   83  3 21? 71 1 - F o r w a r d   t a n k   w a l l  

3 73 - 3   9 5 8  -630  - I 

I 

ea 



TABLE 31, - MERIT FUNCTIONS FOR 2.5 x 106-POUND VEHICLE - RENE'41 

Wcight (Pounds) 

I 

i No Temperaturr Restriction 

Maximum  Allowable  Entry  Temperature 

(Minimum Weight) 12OO'R I I OO'R IO00 "R 

Component 
Base 

2 Point n I n n~ H I I W ~ Z  H 2 n H I W  

Aft skirt 

Equivalent Payload Gained (Pounds) 

Crew  Compartment 
. 

Forward tank wall -140 

-226 -309 -460 -1,104 -527 -626 -152 426 -178 -216 -76 Aft skirt 
-245 -275 -383 -942 -427 -502 ' -24 240 -74 -105 -I3 Aft tank wall 
-438 -613 -892 -2 191 - I  051 - 1  264 -347 877 -388 -465 -I60 Center  section 
-460 -567 -814 - I  939 -932 -I 108 -233 602 -297 -366 

-73 

102 -39 -407 
66 -I09  -399 
u9 - 1 1  -766 
235 -I44 -764 
206 8 -319 -181 -263 -379 -936 -447 -544 -157 379 -171 -204 

Effective  Cost  Ratio  (Dollars per  Pound) 

Crew  Compartment 
Forward tank wall 

- 1  320 -524 -2 154 

-576 - I  308 - 1  035 -294 -288 -254 -2 075 446 -2 222 -548 - 1  369 Center  section 
-432 - I  090 -942 -259 -255 -228 -2 228 484 -2 249 -522 - I  230 
-581 - I  338 - I  159 -301 -285 -248 -2 021  456 

Aft skirt - 1  416 -550 -2 297 428 -2 179 -533 - I  229 -997 -279 -276 -245 

-724 

-44 098 -688 
1371 -2 457 -529 
912 24 449 

-616 
-444 

951 
- 1  409 2105 
-5 651 2046 

Aft tank wall ' -361 -918 -899  -236 -242 -218 -8 281 520 -3 814 -733 -5 340 



TABLE 3 2 .  - MERIT FUNCTIONS FOR 2 . 5  x ~ O ~ O U N D  VEHICLE - TITANIUM 

~ 

Component 

~~ 

Point 
Base 

~~~ ~ ~ ~ ~~~~ ~ ~ 

Maximum  Allowable Entry Temperature 
No Temperature  Restriction 

(Minimum Weight) 1200'R 1300'R I IOO'R I O O O ' R  

n l z l l l ~  I W n l z l ~ l  ~ - l w l n l z l  I I H I ~ I H I H  
Crew compartment 
Forward tank wall 

4 275 4 361 4 584 6 549 4 896 5 304 4 285 1637 4051 4182 3653 4 534 

4 670 4 658 5 018 7 369 5 443 5,861 4 446 1676 4269 4430 3845 4 791 Aft skirt 
3 157 3 099 3 529 5 705 3 748 4 072 2 415 1225 2483 2607 2275 3 I64 Aft  tank wall  
9 768 9 923 10 418 15  131 I 1  268 I2  189 4 661 3675 9186 9490 8269 IO 287 Center  section 
6 834 7 278 8 080 I2  342 8 674 8 814 6 529  2811 6418 6676 4924 7 485 

4 566 

5 734 
3 937 

5879 7803 10 548 
46668 6259 8 522 
2554 3387 

2867 2124 
3795 2846 

Equivalent  Payload Gained (Pounds) 

Crew compartment 
403 Forward tank wall 

456 76 55 139 

306  157 - 54 19 21 
164 47 

-36 -406 -103 -I68 54 
IO -57 

409 82 57 149 Aft  skirt 
-399 -92 -I43 118 

694 391 -41 82 57 -21 
305 107 88 140 Aft tank wall 

-762 -154 -299 98 
443 193 -163 102 33 - 94 

IO41 173 I25 318 Center  section 

312 I81 -5 41 27 -8 -317 -57 -121 39 
-764  -187 -209 151 736 I68  127 

I -122 

Effective  Cost Ratio (Dollars per Pound1 

Crew  compartment 

685 Center section 
I 710 27 454 - 1 1  428 -583 - I  097 -992 5 385 394 5134 1356  351 Forward tank wall 
2 473 I8 914 -63 408 -796 - 1  957 -974 13 176 378 6553 I795 656 

6 076 27 444 -I7 933 -679 - I  251 -803 10 079 372 6585 1966 687 Aft  skirt 
74 417 36 204 -7 560 -492  -960 -654 2 657 404 3692 794 459 Aft tank wall 
2 966 20 989 -60 892 -757 - 1  725 -940 1 1  949 375  6561 I893 

-44 770 

658 I384 -4 421 
843 3213 - 1  377 
615 1171 -12 210 
122 1794 -2 348 
601 1112 



TABLE 3 3 .  - MERIT  FUNCTIONS FOR 2 .5  X 10 - 6 POUND  VEHICLE - INCONEL 

Weixht (Pounds) 1 
Maxtmum Allowable Entry T e m p e r a t u r e  

No T e m p e r a t u r e  Resrrlcrion 

Baee- 
(Minimum  Weight) I 12OO'R 1100"R I O O O ' R  

I 

Component H n !  H n \ , z I l I ~  n z  W 1 H Z n Point 

Crew compar tment  5 277 5 100 9 131 j 6 259 5 201 6  704 7 1 5 8  5 635 5 879 I 2517 I 5 688 5 044 4 534 3  696 
Forward tankwall  

I I  654 13 019 14 374 21 096 1 5  402 I6  452 I 2  716 I 2  885 5577 I 3  325 I I  439 10 287 Center  sect ion 
8 201 I7 239 !I 157 ' 9 829 1 I  933 I 2  792  8  848 9  603  3908 q I94 8 201 7 485 9 990 7 002 

Aft  tank wall 3  164 3 198 3 I94 4 591 
4  143 5 935  5  642 6  350 t 905 IO 2 8 9  7 257 7  877 5 860 5 988 2456 6  216  5 318 4  791 Aft skirt 

8 538 12 I 9 1  
3 198 4  253 4  868 7 964 5 141 5 562 3 264 3 578 1715 3  748 

Equivalent Payload Gained  (Pounds)  

Crew comparhment 

Center  sec t ion  
Forward tank wall 

132 -117 -89 -184 -271 -724  -341 -413  -171 - I 8 2  318 -212  -80 
-113  -333 563 -269  

102 - 180 
- 5  -225 - 5  

- I 3 4  -245  -333 -865 -387 -486   - I68  -188 368 -224 -83 Aft a k i r t  

215 -300 
-171 -268 -756 - 3 1 1  -377 -16  -65  228 -92  - 5  Aft tank wall 

-215 -430  -643 - I  701 -805 -970  -386 -409 741  -428 -181 
76 -394 -113  -369  -578 - 1  535  -700 -835  -215 

Effective Co.t Ratio (Dollars per Pound) 

Crew compar tment  
Forward tank wall 

- I  207 

2  046 -1 289 
-30 161 -726 

-343 - 1  532 - 1  499 -334  -345 -292 - I  997 - 2  176 508 -536 - 1  310 Aft a k i r t  

I 603 -1  630 
- 1 2  902 -1  449 - 1  311 -274 -302  -263 - I 2  876 -4  459 551 -823   - I2   902  Aft tank wal l  

1 401 -948 -154 - I  654 I 212 
- I  087 - I  844 - 1  403 -355  -351 -305 - I  899 - 2  I l l  543  -534 - 1  273 

-312 -275 - 2  455 - 2  420  523 -565 - 1  5 1 1  
C e n t e r  aection 

I 466 -1  833 - I  091 - I  846 3;: ; I  456 
-34 i   -301  - I  855 - 2  032 561 -509 

I 



f '  

aluminum  designs  change  depending  upon  the  load  intensity,  geometry,  etc. 
I t   can  be  seen  that   the  top-hat  design  is   l ighter  than  the  base-point  design 
for   the  unpressurized  components   but   becomes  heavier   for   the  tank  wal l .  
Also  waffle  construction is better  than  the  base-point  design  for  the  small  
vehicle   but   is   worse  for   largest   vehicle .   This   crossover   is   due  to   the 
inc rease  of the  compressive  load  intensi ty   and  the  larger   diameter .  To fully 
understand  the  fundamental   significance of the  relative  cost   ratios  and  deduce 
a meaningful  interpretation of the  resul ts ,   one  must  know the  basic   assump- 
t ions  that   are   inherent   in   the  cost   model .  If only  the  cost  changes  involved 
with  the  fabrication of the  s t ructural   component   are   considered,   and  these 
costs  are  translated  into  dollars  per  pound of payload i n  orbit ,   the  result ing 
nlagnitude of the  cost   ratios  could  be  misleading.  This is due  to   several  
significant  factors  that   have  not  been  considered,  such  as  costs of r e sea rch ,  
development,  testing,  flight  vehicles,  etc.  The  true  value of these  ra t ios  
can  be  derived  by  comparing  the  cost  ratios  and  obtaining a re la t ive  order ing 
of significance.  Even  with a n  order ing of cos t   ra t ios ,  a misunderstanding  is  
p resent  if a cost   ra t io   associated  with a small   vehicle   system is compared in  
magnitude  to  that   obtained  from a large  vehicle   system. A s e r i e s  of cost  
ratios  unique  to a specific  vehicle  system  can  be  compared  to  define  the 
relative  significance  of  the  various  structures  and  materials  improvements 
when  applied  to  that  vehicle  system. 

It should  be  remembered  that   the  base-point  design  cost   ratios  do  not 
include  the  cost  of the  thermal   protect ion  system,  and  when  costs   are  
assigned  the  ratios  can  be  modified  as  follows 

$ Thermal   protect ion CR::: = CR - 
No thermal  * Pay1  oad 

It is   seen  that   the  cost   ratios  for  Rene'and  Inconel  constructions  other  than 
honeycomb  with  no  temperature  l imitations  are  st i l l   unfavorable.  In fact, 
these  constructions  have a reduced  payload  compared  to  the  base-point 
designs:  honeycomb  construction  without  temperature  l imitations,   al though 
quoted  in  the  merit   function  tables,   is   not  possible  because of the  high  induced 
thermal   s t resses   during  reentry  which  would  cause  load-fai lure  of the  corn- 
ponent. When  only tempera ture   res t r ic t ion   i s   imposed  (1000 to  1200 OR), the 
result ing  weight  increases,   payload  drops,   and  cost   ratio  worsens.  It appears  
tha t   f rom an  effectiveness  standpoint  the  Rene'and  Inconel  designs  are 
inefficient  for  the  recoverable  stages of this  type of vehicle.  The  heating 
profile  when  the  vehicle  is   staged  at  6500 ft /sFc  and 150, 000 feet  is 'sufficiently 
small s o  that   the   temperature   during  reentry 'd0e.s not  impose  severe  design 
cr i ter ia   and  does  not   warrant   the  use of superalloys  .~+Ch-~as  Rene'and  Inconel 
for  the  "hot-  structure"  concept.  

138 



Titanium  structures  with  no  temperature  l imitations  are  l ighter  than 
the  insulated  aluminum  concepts.  The  boost  design  conditions  result i n  skin 
thickness  for  minimum  weight  designs  that  act  as a good heat  sink  and 
restrain  the  maximum  entry  temperature  to  less  than  1200"R.  Although  the 
titanium  component is lighter  than  the  base  point,  it  cost  more  with  the  cost 
ra t ios   ranging  f rom 1500  to 6000 for  milled  construction  (integral  skin 
stringer  and  waffle)  to 300 to  1500  for  the  other  construction  types.  This 
indicates  that  the  latter  types of construct ion  fabr icated  f rom  t i tanium  are  
the most  efficient.   These  cost   ratios of 300 to 1500 will  be  reduced  when 
the  additional  cost of the  thermal  protection  system of the  base  point is 
included,  and  the  effects of reusability  and  total  number of flights  throughout 
the  lifetime of the  vehicle   are   assessed.  
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COMPUTER  PROGRAM  TURNOVER 

The  computer  program  turnover to NASA OART for  Phase I11 of this 
contract   deals  with  the  vehicle  synthesis  and  structural   design  synthesis 
programs  for  expendable  vehicle  systems. In Phase  I, the  North  American 
Rockwell  Corporation  Space  Division  Launch  Vehicle  Synthesis  programs 
were  modified  and  used  to  synthesize  families of vertically  launched,  tandem- 
staged  launch  vehicles.  Wherever  possible,  these  programs  were  written 
for a generalized  vehicle  and  structural   system  and  as  such  will   synthesize 
most  boost  vehicles  with  up  to  four  stages  for a very  large  range of payload 
sizes,   engine  /propellant  systems  and  structural   design  concepts  fabricated 
with  conventional  and  advanced  materials. 

T h e r e   a r e  two separage  program  decks  which  perform  the  synthesis 
operation:  the  main  overall  program  for  both  vehicle  and  structural  design 
synthesis  and a secondary dec!.; which  breaks  out  the  structural  design syn- 
thesis  from  the  main  program  as a separate  package. A detailed  description 
of the  synthesis  evaluation,  program  listing,  input  data  sheets,  and  computer 
output  format is given  in  Volume II of this   report .  

The  computer  programs  were  written  in  FORTRAN I V  and  have  been 
checked  out  in NAASYS, the  North  American  Rockwell  adaption of the 
IBM  7090/7094/IBSYS/IBJOB  system  and  the NASA system  at   the   Electronic  
Research  Center,   Boston,  Massachusetts.  

The  large  program  contains  the  vehicle  synthesis,  structural  design 
synthesis  and  cost  assessment  subroutines.  Output  from  this  series of 
subroutines  inc  lude s : 

1 .  

2 .  

3 .  

4 .  

5. 

Parametr ic   s tage  s ize   sensi t ivi t ies  

Efficient  stage  velocity  apportionment 

Stage  mass  fraction  weight/performance  definition 

Generalized  payload  exchange  ratios 

Structural   component   descr ipt ion  for   \ -ar ious  mater ia ls /  
construction  concepts  with  structural  element  details 
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6. S t ruc tura l   cos t  of component  design,  equivalent  payload  changc 
and a meri t   funct ion of a cost /payload  ra t io  

A secondary   p rogram  for   the   s t ruc tura l   des ign   synt .hcs i s   on ly   has   ken  
suppl ied  separately  to   a l low  users   the  abi l i ty   to   perform  s t ructural .synthcsis  . 
of cyl indrical   shel ls   i r respect ive of vehicle '   system$.   This   separatc   sccond 
program  wil l  be usefu l   for   the   p re l iminary   i es ign  of the   s t ruc tura l   c lcmcnts  
after  the  conceptual  design  's tudies  have  been  conducted  and  the  overall  
system  design  f rozen.  

The  vehicle  synthesis  programs  have  the  abil i ty  to  dcfine  the  perlorm- 
ance  and  weight  breakdown  for  multistage  (up  to  four  stages)  cspendahle 
bipropellant  launc'h  vehicles.  The  programs  are  sufficienLly  general  to be 
able  to  handle a la rge   spec t rum of vehicle  sizes,   shapes,   and  conligurations,  
but t he re   a r e  a few  l imitat ions  current ly   hi l t   in to   the  subrout ines .   Thcsc 
l imitations  could  easily be removcd  to  suit   the  individual  users  requircrnents 
with  fairly  minor  modifications.  With  the  vehicle  system  dcfincd in t c r m s  of 
size,  weight,  performance,  and  loading  environment,  the  individual  cylin- 
dr ical   shel l   components   can be synthesized  for  the  minimum  weight  detailed 
design  to  meet  the  design  criteria,  stability,  and  strength.  These  dcsigns 
are   pract ical   configurat ions,   which  are   subject   to   the  users '   imposed  manu-  
factur ing  res t r ic t ions,   such  as   minimum  gauge,   minimum  s t i f fener   pi tch,  
maximum  sandwich  height,  etc. 

The  method of structural   evaluation  involves a component-by-component 
substitution  in  the  base-point  vehicle  systems.  Estimated  manufacturing 
complexi ty   factors ,   mater ia l   costs   with  year ,   and  man-hour   requirements  
are  included in the   cos t   assessment .   Cos t   assessment   i s   accompl ished  by 
isolating  each  structural   component  and  performing a comparative  evaluation 
of the  new  component  to  the  base  point  component.  Final  assessment  is  made 
in   t e rms  of component  weight  reduction,  equivalent  payload  gained  from  this 
reduction,  and  cost   ratio  for  the  new  component,   which is identified  as  addi- 
t ional  dollars  cost   per  pound of payload  gained.  The  three  merit   functions 
are   then  organized  in   arrays  to   order   ' their   importance.  

The   synthes is   p rogram ( f ig .  6 5 )  is   composed of an  executive  control 
program  (MAIN)  and 25 individual  subroutines;   six  are  called  from MAIN, 
two f r o m  MAIN1,  five from  mass  f ract ion  rout ine  (TRANUB),   s ix   f rom 
STRESS, two  from  both  MAXPL,  and  MINTO,  and  the last two  called  from 
CNALF  or  WEIGHT. 
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Figure 65. - Synthesis  Program 
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The  name of each  subroutine  and a description of its use  follows: 

Subroutine 
Name  Subroutine  Description 

MAIN 

DECRD 

MAXPL 

M I N T 0  

STAGE 

VLOST L 

TRANUB 

SIZE 

GEOM 

The master executive  control  for  the  synthesis  routing, 
call ing  sequence,  input  and  "error  out"  messages.  

Allows a simple  input  format  to be used  for   data   t ransmit ta l  
to   main  programs.  With multirun  jobs  input  data  remains 
identical  to  previous  run  unless  physically  altered. 

Dynamic  programming  technique  to  maximize  the  payload  for 
a given  launc'h  liftoff  weight. F o r  a multistage  vehicle  will 
define  optimum  staging  velocity  for  maximum  performance 
vehicle,   test   stage  empty  and  propellant  weights.  

Dynamic  programming  technique  to  minimize  the  launch 
weight of a Ilmultistage  vehicle"  for a prescribed  payload 
requirement.  Defines  optimum  staging  velocity  and  stage 
we ight s . 
Searc 'h   for   prescr ibed  s tage  mass   f ract ion  f rom  s tored  input  
data of mass   f ract ion  s ize   re la t ionships .  

Defines  the  velocity  losses  associated  with  the  individual 
s tages  of the  vehicle  system. 

A second-level  subroutine  control  and  iteration  loop  routine 
for  the  stage mass fraction  evaluation.  Performs  the  mon- 
itoring  job of ensuring  that  the  evaluated  mass  fraction  and 
weight-size  breakdown  are  consistent  with  performance  and 
constraint   requirements .  

Determines  the  weight  and  volumes  associated  with a par -  
t icular   s tage  for  a given m a s s  fraction  and  performance 
x- equir  ement . 
Describes  the  physical   size  and  dimensions  for  the  overall  
stages  and  sets up  body station  positions  for  future  load 
points. 

143 



Subroutine 
Name  Subroutine  Description 

W T  DIS 

CNALF 

LOADS 

ALOAD 

WEIGHT 

DIMEN 

PART 

STRESS 

E LDOME 

OBDOME 

MONO 

Distributes  the  stage  weights-inert  and  propellants-along 
the  vehicle  length  for  various  flight  regimes-prelaunch, 
maximum  dynamic  pressure,  and  end  boost.  Evaluates the 
cen te r s  of gravity  at  these  three  flight times. 

Dummy  subroutine  to  determine  the  aerodynamic  force 
coefficients  and  forces  on  the  payload  and  major  elements 
of the  stage. 

Determines  the  inertias (axial and  pitching)  for  three  flight 
t imes  (prelaunch,   maximum  dynamic  pressure,   end  boost)  
due  to  wind  forces  and  flight  motion.  Develops  axial  load, 
shea r ,  and  bending  moment  along  the  vehicle  length. 

Evaluates  the  tank  pressures  (ullage,   hydrostatic  head,  etc.  ) 
along  flight  path.  Resolves  the  load  and  pressures  into  shell 
load  intensities  (tension  and  compression)  and  defines a 
maximum  de  sign  load  envelope. 

Generates  the  weight  description of the  s t ructural   systems  to  
mee t  load  requirements  and  deiines  other  subsystem  empirical 
weights . 

Develops  the  vehicle  geometry-station  map  to  define  the  com- 
ponent  length  and  diameter s .  

Computes  the  generalized  payload  exchange  ratios  for  the 
individual  synthesized  stages. 

A secondary  control   program  for  a sequencing of required 
stress  synthesis  subroutines.  

Synthesizes  ellipsoidal  membrane  bulkheads  to  meet  internal 
pressure  requirements .  

Synthesizes  oblate  spheroid  bulkheads  to  meet  internal 
pressure   requi rements .  

Develops  the  required  shell  thickness  for a monocoque 
construction  to  meet  design  load  intensity,  checks  for 
strength  and  stability. 
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Subroutine 
Name  Subroutine  Description 

SKINST St ruc tura l   synthes is  of a skin-stringer-ring  type of cons t ruc-  
tion.  Stiffener  sections  can be integral ,  Z ,  I, and  top  hat. 
Evaluates   for   s t rength  and  s t i f fness ,   (Local   and  general   ins ta-  
bility) of individual  stiffener  elements,  skin,  and  overall  shell.  
Defines  thickness,   sizes,   and  pitch of s t i f fener   e lements   lor  
pressurized  and  unpressurized,  buckled  and  unl>uclcleddesigns. 

SAND Generates  honeycomb  sandwich  structural   design  to  fulfi l l  
design  load  and  temperature  environments.   Defines  facing 
sheet  thickness,   core  height,   and  density  requirements to 
preclude  instabil i ty  failure,   using  current  buckling  "knock 
down"  factors. 

W A F F  Synthesis of a 45  degree  oriented  waffle  type  construction  for 
pressurized  and  unpressurized  design  requirements .   Design 
output  will be a minimum  weight  design  consistent  with 
imposed  design  and  manufactur ing  res t r ic t ions.  

MAIN 1 Secondary   cont ro l   p rogram  for   the   s t ruc tura l   cos t   assess -  
ment   operat ion.  

START  Program  for  evaluating  nonoptimum  design  factors  dependent 
on type of s t ructural   component .  

COSTPA  Evaluztes  the  fabrication  and  material   costs  associated  with 
the  structural   components of the  basepoint  designs  and  all 
the   reques ted   a l te rna te   mater ia l s   and/or   cons t ruc t ions ,  
Defines  the  component  weight  and  cost ,   the  alternate  designs 
weight  reduction,  cost  change,  equivalent  payload  improve- 
ment,   and  i ts   effective  cost   ratio.  

The  program  has   11  choices  of paths  through  the  subroutines,   as 
indicated  in  table 34. These   a r e  in  addition  to  using  the  alternate  stress 
subroutines  to  synthesize a s t ruc tura l   she l l .  
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TABLE 34.  - OPTIONS ON PROGRAM  ROUTING 

Synthesis  Subroutines 

Maximum  payload  stage  proportioning 

Minimum  liftoff  stage  proportioning 

Stage mass fraction  determination 

Derivation of payload  exchange  ratios 

Base-point  structural   designs 

Base-point  structural   costs 

Alternative  structural   designs 

Alternat ive  s t ructural   costs  

1 - 
X 

3 - 

X 

4 - 
X 

X 

Selection Paths 

5 - 

x 

X 

- 
6 - 

X 

X 

- 
7 - 
X 

X 

X 

9 - 

X 

X 

X 

X 

X 

X - 

10 - 
X 

X 

X 

X 

X 

X 

X - 

11 

X 

X 

X 

X 

X 

X 

X 



CONCLUSIONS AND RECOMMENDATIONS 

This  study has demonstrated  the  applicability of the  Recoverable   Firs t -  
Stage  Synthesis  subroutines  to the identification of favorable   s t ructural  
materials,   constructions,   and thermal protection  systems.  The results of 
any  such  study  are  strongly  dependent  on  the  specific  mission  requirements,  
payload  configuration,  ascent  trajectory,   staging  velocity  and  alt i tude,   and 
structural   design  cri teria.   The  specific  conclusions  and  recommendations 
discussed  below  are  applicable  only  to  the  vehicles  and  missions  described 
on  pages 9 to 70;  however,  the  synthesis  program,  with  minor  modification,  can 
be  run  to  analyze  alternate  configurations  such  as  the first stage of a two- 
s tage  recoverable   vehicle ,   or  a horizontally  launched  first  stage.  Therefore, 
it is   suggested  that   this  program  be  uti l ized  in  the  future  to  identify  the  effects 
of s t ructures   and  mater ia ls   research on  the  capability of other  future  recov- 
e rab le   f i r s t   s tages .  

Construction  Concepts 

The  insulated  concept  with  an  aluminum  load-carrying  structure  offers 
distinct  weight  advantages  over  the  hot  structural  concept.  This is true  only 
i f  the  thermal  protection  system  used  can  be  fabricated  for  about  1.  5 lb/ft2,  
i f  i t   does not require  extensive  refurbishment  after  each  flight,  and i f  i t s  
cost  is not  exorbitant,  For  the  aluminum  concepts,  the  conventional  construc- 
tions  (skin  stringer,  waffle,  and  honeycomb  sandwich)  are  best  because of the 
fuselage's  small   diameter  and  fairly  small   compressive  load  intensit ies.   The 
use  of advanced  constructions  with  multiwall  and  double-wall  concepts 
discussed  in   Phase I1 is not  beneficial  with  the  low  design  loading  intensities. 
Honeycomb  sandwich  construction  was  the  lightest  design  considered. 
Although  honeycomb  sandwich  could  be  50-percent  lighter  than  the  base-paint 
integral  skin-stringer  design  when  the  additional  weight  for  the  thermal 
protection  system is added,  the  weight  reduction is now  only 25 percent ,  

The  most  at tractive  weight-to-cost   design is an  aluminum  skin-stiffened 
concept  using  Z-section  or  top-hat  stringers.  Although  other  designs  exist 
which are   l ighter ,   their   s t ructural   costs   are   appreciably  higher .  A relative . 
payload  "worth  index"  must  be  assigned  to  the  vehicle  system  before  the  best 
choice is defined. If a structural  worth  index of $300 p e r  pound of payload is 
assigned,  i t  is best  to  use  the  skin-stiffened  concept  for  the  first  stages. 
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Hot structural   concepts  using  t i tanium,  Rene or  Inconel  did  not  appear 
to  be  the  lightest  designs  for  these  recoverable  stages.  This is because  the 
ascent  trajectory  environment is the  predominant  design  condition  for  the 
maximum  compressive  loading  intensity.  This  intensity  was  less  than 
6000 lb/in.  and  does  not  allow  the  resulting  designs to take  advantage of the 
material 's   high  strength  and  thermal  properties.   The  compressive  intensity 
due  to  external  loads  during  entry  when  the  stage is unloaded  was  found  to  be 
extremely  small ,   and  the  thermal   s t resses   for   the  s ingle-sheet   design  should 
not  present  additional  design  requirements  for  the  basic  shell  panels. 

I 

With a minimum  weight  design  based  upon  the  boost  environment,  the 
result ing  structural   configurations  have  sufficiently  thick  skins,   which  will  
act   as  an  effective  heat  sink  during  entry,  so that  the  maximum  surface 
temperatures   wil l   be   less   than 1300 OR for  Rene'41 and  1200 OR for  titanium 
and  Inconel.  For  the  thin-skin  honeycomb  sandwich  at  high  temperatures, 
a severe  thermal   gradient ,   which 'could  produce  excessive  thermal   s t resses]  
w a s  found. For   the  s ingle-skin  designs  the  thermal   s t resses   wil l   not   be  so 
severe  as   to   resul t   in   addi t ional   design  requirements .   Ti tanium  designs of 
the  three  materials  considered  for  the  "hot  structure"  was  found  to  produce 
the  lightest  weight  designs. 

If thermal   l imits   are   imposed  upon  the  s t ructural   design  for   mater ia l  
reusabili ty,   internal  temperature  control,   etc.   then  severe  weight  penalt ies 
will   result   due  to  the  increased  skin  thicknesses  necessary  for  the  heat  sink. 
This  weight  penalty is severe  for  honeycomb  sandwich  concepts  with  the 
temperature   res t r ic ted  to  1000 "R. 

Structural   Costs 

The  basic   s t ructural   costs   assumed  for   this   s tudy  were  only  those 
associated  with  production  fabrication  and  materials. With the  recoverable 
stages,   an  important  cost   factor is the  refurbishment  cost.  The  cost  ratio 
used  here   was only  production  and  material  costs  per  pound of payload  for 
one  flight  and  does  not  have  much  significance  in  comparing  radically 
different  design  concepts.  Refurbishment  cost  and  the  total  effective  payload 
charge  for  all  flights  throughout  the  vehicle's life should  be  included  in  the 
cost  ratio.  The  implication of this  new  cost   ratio would  be  selection of the 
lightest  weight  design, i. e. , the  greatest  payload  improvement.  The  initial 
fabrication  cost of construction  would  not  be  too  significant  when  amortized 
over  many  flight  missions,  The  only  other  criteria  for  the  selection of the 
lightest  design  would  be not to have  excessive  refurbishment  requirements.  
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For  the  superalloy  designs  when t$e bas ic   mater ia l   cos t s   a re   apprec iab ly  
higher  than  aluminum, it was  found  that  waffle  and  integral  skin  stringer 
designs  were  uneconomical.  Their  relative  weight  differences  from  built-up 
sections  did  not  ju'stify  the  additional  cost of the  mater ia l   parent   s tock,  of 
which 90  percent  could  be  machined  away.  The  material  costs  for  waffle  and 
integral  designs  exceeded  the  fabrication  construction  costs. 

Manufacturing  Development 

The  above  discussions  consistently  allude  to  the  fact  that  research 
would  be  highly  beneficial  when  devoted  to  increasing  know-how  in  manufac- 
turing of new  and  advanced  structural  concepts  and  in  the  development of the 
manufacturing  technology  to  fabricate  structures  from  highly  advanced 
mater ia ls   or   f rom  new  mater ia ls   with  radical ly   different   propert ies .   Such 
efforts  would  undoubtedly  lead  to  reduced  structures  and  materials  costs  and 
make  the  advanced  structural  concepts  much  more  competitive  than  presently. 
From  the  study  results,   i t   appears  that   research  in  improvement of the 
s t rength  propert ies  of current  material  does  not  offer  significant  advantages. 
Improvement of the  material   properties  that   influence  the  fabrication  process,  
while  not  analyzed  in  detail  in  this  study,  will  effectively  reduce  construction 
costs  and  save  weight of the  secondary  structure,  such  as  weld  lands, 
attachment  points,  etc. 

The  lightest  designs  considered  were  the  insulated  aluminum  construc- 
tion.  These  concepts  require  an  effeciently  designed  thermal  protection 
system,  which is non-load  carrying  and  can  easily  be  refurbished.  The 
system  investigated  had a thin  superalloy  heat  shield,  standoff  support,  and a 
minimum of insulation,  This  lightweight  concept  will  require  manufacturing 
development  to  control  the  weight  for  the  thermal  protection  system.  The 
large  thermal  expansion of the  heat  shield  relative  to  the  load-carrying 
structure,   i ts   repair ,   and  replacement  will   result   in  major  manufacturing 
problems.  

Material  Strength  Improvement 

Application of improved-strength  material   should  be  to  aluminum 
sandwich  construction  concepts.  Improvement  in  the  material 's  compressive 
yield  and  ult imate  tensile  stress is beneficial  and  should  be  applied  to  con- 
structions  having  very  thin  facing  sheets  which  are  highly  loaded. An ordering 

honeycomb  sandwich,  multiwall  corrugated,  and  skin  stiffened. 
of constructions  which  most  benefit by mater ia l   improvements  is as  follows: 
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Percentage  increases  in  the  material   properties do not correspond  to 
identical  percentage  weight  reductions. At best,  the  effect of a 10-percent 
compressive-yield  increase  results  in  an  8-percent  weight  reduction of the 
load-carrying  structure i f  the  designs  considered  are  both  optimum  concepts 
(minimum  weight). When this  8-percent  weight  reduction is combined  with  the 
unchanged  thermal  protection  system  weight, it will  be  reduced  to  perhaps a 
4-percent weight improvement.  For  the  other  three  materials, Rene: 
titanium,  and  Inconel,  the  temperature  restrictions  will  influence  the  con- 
struction  skin  thickness  for  its  heat sink capability.  These  thicker  skins  will 
result  in  an  off-optimum  design,  working  at a low-stress  level which  cannot 
benefit  from  material  strength  improvements. 
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